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ABSTRACT
Geopolymers are an eco-friendly alternative to the Portland cement. The use of geopolymer as
a binder in producing concrete contributes in reducing the emissions of the greenhouse gases
due to manufacturing of the Portland cement. The geopolymer binder is produced by alkali
activation of by-product aluminosilicate materials such as fly ash and blast furnace slag. The
use of fly ash in producing geopolymer has gained more attraction owing to the favourable
chemical composition and wide availability. However, fly ashes from different sources have
different extents of chemical reactivity with the alkaline activator in the geopolymer. Hence,
the use of fly ashes from different sources may lead to geopolymer binder with different
performance. One of the major challenges resulted from the use of fly ash in geopolymer
binder is specifying the mix proportion of geopolymer mixes using fly ashes from different
sources. Therefore, it is important to understand the effect of fly ash characteristics on the
selection of the mix proportion of fly ash based geopolymer mixes. This study investigates the
effect of different fly ash characteristics on selecting the dosage of the alkaline activator, the
optimum curing temperature and fly ash content in the geopolymer mixes. For this aim, fly
ashes from five different sources; Eraring (ER), Mt-Piper (MP), Bayswater (BW), Gladstone
(GL) and Collie (CL); with broadly different characteristics were used in this study.
For examining the effect of fly ash characteristics on selecting the dosage of the alkaline
activator in the geopolymer mixes. A total of 180 mixes of fly ash based geopolymer mortar
(FBGM) were performed, cured at 70o C for 24 hours and tested for the compressive strength.
The fly ashes were mixed with sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) as
alkaline activator in different proportions. The results indicated that the FBGM mixed with fly
ashes from different sources exhibited a wide range of compressive strength from 7.5 MPa to
v

69 MPa. Fly ashes with a high content of fine particles and amorphous components such as
silica (SiO2) and alumina (Al2O3) could be adequately activated at a low dosage of alkaline
activator. While the activation of fly ashes with a low content of fine particles and amorphous
components required a high dosage of alkaline activator.
For examining the effect of fly ash characteristics on selecting the optimum curing
temperature of the geopolymer mixes, 45 FBGM mixes were selected to cure at temperatures
of 50o C, 70o C and 90o C, for 24 hours. The optimum curing temperature for FBGM that were
mixed with ER, MP and BW fly ashes were 90o C to achieve the highest compressive
strength. While the optimum curing temperature for FBGM that were mixed with GL and CL
fly ashes was 70o C.
For examining the effect of fly ash characteristics on selecting the fly ash content in the
geopolymer concrete, 45 mixes of fly ash based geopolymer concrete (FBGC) were
conducted and cured at a temperature of 70o C for 24 hours. The effect of the fly ash content
in the FBGC was examined at 300, 400 and 500 kg/m3. The properties of the FBGC including
slump, air content, density, compressive strength, splitting tensile strength, water absorption
and ultrasonic pulse velocity (UPV) as well as the bond strength with steel reinforcement
were examined. The results showed that increasing the fly ash content from 300 to 500 kg/m3
in the FBGC mixes significantly enhanced the properties of the FBGC, particularly slump,
compressive strength, splitting tensile strength and UPV. The fly ash characteristics also
significantly influenced the enhancement of the properties of the FBGC. For the increase in
the fly ash content from 300 to 500 kg/m3, the compressive strengths of the FBGC increased
by 29%, 23%, 17%, 36% and 33% for the FBGC that were mixed with ER, MP, BW, GL and
CL fly ashes, respectively. In addition, the splitting tensile strength of the FBGC increased by
vi

15%, 18%, 21%, 27% and 24% for the FBGC that were mixed with ER, MP, BW, GL and CL
fly ashes, respectively.
The bond performance between the fly ash based geopolymer concrete and steel
reinforcement were investigated using direct pull-out test. The bond strength between FBGC
and steel reinforcement ranged from 7.5 to 30 MPa. It was found that fly ash characteristics
influenced the bond strength of the FBGC significantly. The bond strength of the FBGC
responded differently to the changes in dosage of the alkaline activator corresponding to the
use of different fly ashes.
Finally, theoretical study has been conducted to model the effect of fly ash characteristics on
selecting the dosage of the alkaline activator, curing temperature and fly ash content. Hence,
artificial neural network (ANN) and multiple linear regressions (MLR) were used for
analysing and modelling the experimental data. The results revealed that the SiO2 content and
the median particle size determined the response of the fly ash to the alkaline activator and
heat curing. The developed models have been used to propose graphs that can be used as a
part of mix design procedure of the FBGC to estimate the dosage of the alkaline activator, the
optimum curing temperature and the fly ash content.
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CHAPTER 1 INTRODUCTION
1.1 Preamble
Geopolymer binder has been developed as an environmentally friendly alternative to Portland
cement. The geopolymer is an inorganic polymer that has coherent and adhesive properties
(Palomo et al. 1999; Khale and Chaudhary 2007). The geopolymer binder can be synthesized
by alkaline activation to the aluminosilicate materials. Different sources of the aluminosilicate
materials are available to use in producing the geopolymers binder such as metakaolin, slag
and fly ash.
The use of fly ash (a by-product of coal combustion in power stations) in producing
geopolymer concrete is gaining more interest by many researchers across the world. This is
because the fly ash is one of the cheapest aluminosilicate materials which is rich in silica
(SiO2 40%-70% by weight) and alumina (Al2O3 15%-30% by weight) (Rees et al. 2007;
Alvarez-Ayuso et al. 2008). Moreover, the use of fly ash in the geopolymer concrete
contributes in reducing the environmental impacts due to disposing the fly ash in landfills
(Nikolić et al. 2014).
Nevertheless, the use of the fly ash in producing geopolymer concrete faces several
challenges due to the wide variance in the fly ash characteristics from different sources. Fly
ashes produced from different power stations have different characteristics because of using
different fuel types (bituminous and lignite coal) and different techniques in collecting the fly
ashes (Brindle and McCarthy 2006; Kumar et al. 2015). As such, fly ashes from different
sources

have

different

extent

of

chemical

reaction

with

alkaline

activators

(geopolymerization). Hence, the use of fly ashes from different sources results in producing
geopolymer concrete with different performance. Therefore, it is important to highlight the
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effects of the fly ash characteristics on selecting the mix proportion of the fly ash based
geopolymer concrete (FBGC).

1.2 Research Significance
The variation in the fly ash characteristics makes the fly ash as non-standard material that has
a wide range of chemical reactivity with alkaline activator. Several studies investigated the
effects of the alkaline activator, curing temperature on the properties of the fly ash based
geopolymer concrete. However, there is no standard method to select the dosage of the
alkaline activator, curing temperature and fly ash content of the fly ash based geopolymer
concrete.
A number of studies suggested methods to select the dosage of alkaline activator for fly ash
based geopolymer concrete, however, these methods have not been adopted as a standard
method. This was because of the limitations in these studies to use fly ash from a single
source. Consequently, more investigations are required to extend the current knowledge about
the relationship between different fly ash characteristics and different alkali activators.
The geopolymerization between the fly ash particles and the alkaline activator required a high
temperature to form geopolymer. Different studies suggested different optimum curing
temperature to use for curing fly ash based geopolymers. However, there is no standard curing
temperature that can be used for curing the fly ash based geopolymer concrete. Thus, a
method of selecting the optimum curing temperature is required to minimize the energy that is
required to produce fly ash based geopolymer concrete.
There is a limitation in the knowledge about the effects fly ash characteristics on selecting the
fly ash content for fly ash based geopolymer concrete.
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Thus, this study investigated the effects of different fly ash characteristics on selecting the fly
ash content in the fly ash based geopolymer concrete at different dosages of alkaline activator.
This study is expected to promote developing the mix design of the fly ash based geopolymer
concrete.

1.3 Aim and specific Objectives
This study aiming to evaluate the effect of the fly ash characteristics on selecting the dosage
of the alkaline activator, optimum curing temperature and the fly ash content in the fly ash
based geopolymer mixes.
The objectives include:


Identify the fly ash characteristics that affect the selection of alkaline of the fly ash based
geopolymer mixes.



Evaluate the effect of the fly ash characteristics and the dosage of the alkaline activator on
the selection of the optimum curing temperature of the fly ash based geopolymer mixes.



Evaluate the effect fly ash content for different fly ash characteristics on the properties of
the FBGC at different dosages of the alkaline activator.



Evaluate the effects of different fly ash characteristics and mix proportion on the
performance of the bond between the FBGC and steel reinforcement.



Propose methods to optimize the dosage of the alkaline activator, curing temperature and
fly ash content based different fly ash characteristics.
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1.4 Research Scope
Fly ashes (Type F) from five different Australian power stations have been used in
performing geopolymer mixes. The fly ashes were activated by different dosage of sodium
silicate (Na2SiO3) and sodium hydroxide (NaOH). Two types of geopolymer mixes have been
performed in this study including fly ash based geopolymer mortar (FBGM) and fly ash based
geopolymer concrete (FBGC). The FBGM mixes were used to evaluate the effects of fly ash
characteristics on selecting the dosage of the alkaline activator based on the results of the
compressive strength test. In addition, the FBGM mixes were cured at different temperatures
to evaluate the effects of fly ash characteristics on selecting the curing temperatures. The
FBGC mixes were used to evaluate the effects of different fly ash characteristics on selecting
the fly ash content at different dosages of alkaline activator. A series of tests have been
conducted to evaluate the performance of the FBGC mixes at different fly ash characteristics,
fly ash content and dosages of alkaline activator. Finally, the bond performance of the FBGC
with steel reinforcement was investigated with respect to different fly ash characteristics;
different fly ash content and different dosages of alkaline activator. The results of the
experimental work in this study were used in developing models to analyse and simulate the
relationships between fly ash characteristics and tested parameters including the dosage of the
alkaline activator, curing temperature and fly ash content.

1.5 Thesis outline
This thesis is ordered into seven chapters as shown below:
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Chapter 1 presents the preamble of the thesis, the significance of this study, discusses the aim
and objectives of the study, presents the scope of the research work and finally presents the
outline of the thesis.
Chapter 2 presents an overview of the fly ash based geopolymer. In this chapter, mechanism
of the geopolymerization processes, the use of fly ash in geopolymers and the current mix
design of the fly ash based geopolymer concrete were discussed. Also, the factors that affect
the selection of mix proportion of fly ash based geopolymer concrete and the properties of the
fly ash based geopolymer concrete are presented in this chapter.
Chapter 3 presents the influence of the fly ash characteristics, alkaline activator components
and different curing temperatures on the compressive strength of fly ash-based geopolymer
mortar. In this chapter, the experimental work and the test results are presented and discussed.
Chapter 4 presents the investigation on the factors affecting the properties of the fly ash based
geopolymer concrete (FBGC). The experimental work and test results are presented and
discussed in this chapter.
Chapter 5 presents the factors affecting the bond strength between the FBGC and the steel
reinforcement. The experimental work and the test results are presented and discussed in this
chapter.
Chapter 6 presents the theoretical study. This chapter presents the analytical study of the
relationship between fly ash characteristics and alkaline activator using the artificial neural
network (ANN). This chapter also presents the analytical study of the relationship between
curing temperature and the compressive strength of the FBGM. Moreover, this chapter
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presents the analytical study of the relationship between fly ash content and the compressive
strength of the FBGC using multiple linear regressions (MLR).
Chapter seven presents the conclusions and recommendations of this research, which can be
adopted as an extension of the presented study.
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CHAPTER 2 REVIEW OF FLY ASH BASED GEOPOLYMER
CONCRETE
2.1 Introduction
This chapter presents an overview of geopolymer concrete and the mechanism of the
geopolymerization process. A brief introduction of the fly ash based geopolymer concrete and
its components are presented in this chapter. The existing mix design methods of the fly ash
based geopolymer concrete are also presented and discussed in this chapter. Factors affecting
the selection of the mix proportion of the fly ash based geopolymer concrete are reviewed in
this chapter. The properties of the fly ash based geopolymer concrete in terms of workability,
microstructure, compressive strength and tensile strength are also discussed in this chapter.
Finally, the bond strength between fly ash based geopolymer concrete and steel reinforcement
is presented in this chapter.

2.2 Overview of the geopolymers
Geopolymer binder is emerging as an eco-friendly to the Portland cement to reduce the
environmental impacts that are related to the production of Portland cement. These impacts
involve the depletion of natural raw materials, the high consumption of fuel and the emissions
of the greenhouse gases such as carbon dioxide (CO2) (Lawrence 2003; Berry et al. 2009; Van
Deventer et al. 2012). Geopolymer binder, however, can be synthesized using by-product
materials such as fly ash (Palomo et al. 1999). The use of geopolymer contributes in
minimizing the consumption of the Portland cement and reducing the environmental impact
due to the disposal of the fly ash.
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The geopolymer binder is an inorganic polymer that has coherent and adhesive properties
(Palomo et al. 1999; Khale and Chaudhary 2007). The geopolymer binder is produced by
mixing an aluminosilicate material with an alkaline activator. The chemical reaction
(geopolymerization) between the aluminosilicate material and the alkaline activator forms a
three-dimensional inorganic polymer (Davidovits 1982; Khale and Chaudhary 2007).
The term of geopolymer was first introduced by Davidovits in 1972 referring to the
amorphous aluminosilicate polymer (Davidovits 1982). The geopolymer has a tetrahedral
microstructure formed from silica (SiO4) and alumina (AlO4) that are alternately bonded by
sharing all available oxygen atoms as shown in Figure 2.1. The alkaline activator catalyses the
aluminosilicate material to liberate the positive ions such as Ca+, Na+ and K+ that are required
for balancing the negative electrical charge of the liberated aluminium ions in the tetrahedral
network.

Figure 2.1 The Tetrahedral microstructure of the geopolymer (Davidovits 1982)
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2.3 Mechanism of the Geopolymerization processes
The geopolymerization is a chemical reaction between aluminosilicate particles and alkaline
activators (Davidovits 1994). The geopolymerization products have a chemical and mineral
composition that is similar to the natural zeolite rocks (Hermann et al. 1999). The mechanism
of the geopolymerization was first proposed by Glukhovsky (1959) to describe the alkali
reaction of the aluminosilicate materials. According to Glukhovsky (1959), the
geopolymerization passes through three main stages including dissolution, condensation, and
crystallisation.
A mechanism by which the aluminosilicate particles dissolve and polymerase with alkaline
activator was proposed by Fernández-Jiménez et al. (2005) as shown in Figure 2.2. The
dissolution of the aluminosilicate particles consists of the destruction of the bond between
SiO4 and AlO4 at the surface of the aluminosilicate particles liberating free silica and alumina
species. During this stage, a quantity of water is consumed and cations such as Na+ or K+ and
OH- are liberated in the solution. The dissolution leads to the formation of a complex matrix
consisting of silicate, aluminate, and other species in the aqueous solution. Consequently, a
new equilibrium between cations can be observed at this stage (Fernández-Jiménez et al.
2005). On the other hand, the geopolymerization, according to Fernández-Jiménez et al.
(2005), starts when the aqueous solution becomes saturated with aluminosilicate species that
dissolve quickly at a high alkalinity environment (pH >13). The condensation of alumina and
silica in the saturated solution takes place and forms new molecules which have long
networks. The water that is consumed at the dissolving stage is released during this stage.
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Figure 2.2 Descriptive model of the alkali activation of fly ash (a) initial chemical attack at
fly ash particle (b) exposing smaller particles to bi-directional alkaline attack (c) fully and
partially dissolved of fly ash (d) geopolymer matrix containing unreacted and dissolved fly
ash particles, (e) fully covered fly ash particle by a reaction products (Fernández-Jiménez
et al. 2005)

Duxson et al. (2006) gave the details of the gel formation during the geopolymerization
process as shown in Figure 2.3. The stages included the formation of the aluminosilicate gel
that starts after the dissolution of the aluminosilicate with the alkaline activator in the aqueous
solution. The gel formation (gelation) involves forming oligomers with large networks by
condensation in the aqueous solution. The structure of the oligomers in this type of gel is
commonly referred by bi-phasic polymers. After the gelation, the geopolymerization
progresses in rearranging and organizing the gel networks to form three dimensional
aluminosilicate crystals. The final product of the geopolymerization reaction is an amorphous
and semi-crystalline material (Duxson et al. 2006; Silva et al. 2007)
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Figure 2.3 Conceptual model for geopolymerization (Duxson et al. 2006)

Davidovits (1982) proposed a general model to describe the geopolymerization reaction as
shown in Eq 2.1.
Mn [-(Si-O2)z -Al-O] n. wH2O

Eq 2.1

where “M” is the alkaline metal (Na or K), “n” is a degree of polymerization, “z” = 1, 2 and 3
for chemical equilibrium, “w” is a constant value up to about 7 in full hydration and (-) is the
bond between the main molecules (Davidovits 1982).
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The rate of the geopolymerization process affects the development of crystalline structures of
the geopolymer matrix (Duxson et al. 2006; Silva et al. 2007). The fast rate of
geopolymerization between aluminosilicate materials and alkaline activator results in growing
poor microstructure of the geopolymer matrix. The rate of the geopolymerization of the
aluminosilicate materials is mainly influenced by the thermodynamic and alkalinity
conditions (Nikolić et al. 2015).
The geopolymerization process of the aluminosilicate material such as fly ash with an alkaline
activator is not uniform due to the variation in characteristics of the fly ash including chemical
composition, microstructure and the particle size distribution of the fly ash particles
(Fernández-Jiménez and Palomo 2005). Thus the geopolymer matrix consists of the complete
reacted particles, reaction products and unreacted fly ash particles. The presence of unreacted
particles in the microstructure weakens the geopolymer matrix (Nagalia et al. 2016; Nath et
al. 2016).

2.4 The use of fly ash in geopolymer concrete
Different sources of the aluminosilicate materials can be used in producing the geopolymer
concrete such as metakaolin, slag and fly ash. The use of metakaolin, for example, in
producing the geopolymers is limited for research purposes. This is because of the high
expenses that are required to calcines kaolin (about 700o C) to produce metakaolin. Also, the
use of metakaolin in geopolymers requires a high amount of water to achieve an acceptable
workability of the geopolymer mix which in turn affects the mechanical properties of the
produced geopolymer (Duxson et al. 2006). Fly ash, on the other hand, is gaining more
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attraction to be used in producing geopolymers. This is because fly ash is a cheap and a
widely available material (Heidrich et al. 2014).
In Australia, the production of the fly ash increased to 13 million tonnes per year in 2014,
however, only 45% of the produced fly ash is being used in normal concrete production, while
55% of the produced fly ash disposal in landfills (ADAA 2015). Economically, the disposal
of fly ash in landfills imposes massive financial burdens on governments and foundries
(Khale and Chaudhary 2007). Environmentally, the disposal of fly ash in landfills pollutes the
soil and the underground water with the heavy metals contaminated with fly ash such as Cd,
Cr, Cu and Pb (Izquierdo et al. 2009). Therefore, recycling the fly ash in producing the
geopolymer concrete reduces the financial and environmental costs.
Fly ash is produced from the combustion of the different types of coal such as bituminous
coal and lignite coal. The different types of coal results in producing different types of fly ash
with different characteristics (Brindle and McCarthy 2006; Kumar et al. 2015). The ASTMC618 (2015) classified fly ashes into three main categories include Type F, Type C (byproducts fly ashes) and Type N (naturally formed fly ash). In general, Type F and Type C are
commonly used in producing geopolymers. However, the use of fly ash Type F (low CaO
content) in geopolymers is more favourable than Type C (high CaO content). This is because
of the negative effects of the high CaO content in fly ash Type C (> 8%) on the workability
and setting time of the produced geopolymer (Temuujin et al. 2009; Guo et al. 2010).
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2.5 Ingredients of the fly ash based geopolymer concrete
2.5.1 Fly ash
Fly ash is one of the aluminosilicate materials that are used for producing geopolymers. Fly
ash has a solubility with alkaline solvents forming an amorphous inorganic polymer (Palomo
et al. 1999; Jaarsveld et al. 2002). According to the Ash Development Association of
Australia (Heidrich et al. 2014), the SiO2 and Al2O3 are considered the main oxides of the fly
ashes where they represent about 80% by weight of the fly ash. The contents of components
including CaO and the Fe2O3 are less than 20% by weight of the fly ash. The total weight of
oxides such as Na2O, K2O, MgO and SO3 are less than 5% by weight of the fly ash.
Palomo et al. (1999) investigated the usage of fly ash in producing geopolymer concrete as a
source of aluminosilicate material by activating with a high concentration of alkaline
solutions. The results showed that the properties of the geopolymer that was produced by
activating fly ash had similar properties to activating metakaolin.
Diaz et al. (2010) investigated factors influencing the suitability of fly ash as a source of
aluminosilicate

material

for

geopolymer

concrete.

It

was

concluded

that

the

geopolymerization of the fly ash with alkaline activator was governed by the particle size
distribution, the content of amorphous components such as SiO2 and Al2O3.

2.5.2 Alkaline activator
The alkaline activators are strong solvents that have the ability to dissolve the fly ash
particles. Different types of alkaline activators can be used in producing geopolymers
including a single component such as sodium hydroxide (NaOH) and potassium hydroxide
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(KOH) or a combination of different alkaline liquids such as the mix of NaOH and sodium
silicate (Na2SiO3) (Rattanasak and Chindaprasirt 2009; Nematollahi and Sanjayan 2014;
Tippayasam et al. 2016). The properties of the alkaline activator are dependent on the types
and concentrations of the components that are used in preparing the alkaline activator
(Jaarsveld and Deventer 1999; Duxson et al. 2005; Fernández-Jiménez and Palomo 2005).
Fernández-Jiménez and Palomo (2005) investigate the effect of using different types of the
alkaline activator (NaOH, NaOH+Na2SiO3 and NaOH+Na2CO3) on the compressive strength
of the fly ash based geopolymer mortar. They concluded that adding Na2SiO3 to the NaOH
led to a significant increase in the geopolymerization process of the fly ash components and
consequently enhanced the compressive strength of the geopolymer samples. FernándezJiménez and Palomo (2005) emphasized that the equilibrium between NaOH and Na2SiO3 in
terms of total Na2O and SiO2 must be optimized (Na2O>7 and SiO2>1) in the solution to
achieve the highest compressive strength of the produced geopolymer. Fernández-Jiménez
and Palomo (2005) also stated that adding Na2CO3 to the NaOH resulted in increasing the
acidification of the geopolymer matrix that leads to inhibit the dissolution of SiO2 and Al2O3
from the fly ash particles. The effect of using the Na2SiO3 in the alkaline activator on
promoting the properties of the fly ash based geopolymer concrete was also investigated by
several studies (Hardjito and Rangan 2005; Duxson et al. 2007; Bakri et al. 2013).

2.5.3 Aggregate
Aggregate represents about 75% of the total volume of the geopolymer concrete. In
geopolymer concrete, the aggregate properties and content control the properties of the
produced geopolymer concrete. According to Lee and Van Deventer (2004), the use of basalt
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aggregate exhibited higher interfacial bond strength between the aggregate and the
geopolymer binder than that was recorded for siltstone aggregate.
Temuujin et al. (2010) stated that increasing the amount of the aggregate in the geopolymer
mix reduced the geopolymerization process because of insufficient alkaline activator for
dissolution of the fly ash particles. Therefore, Temuujin et al. (2010) suggested that the
amount of the alkaline activator should be optimized with increasing the amount of aggregate
content in the geopolymer mix.
Joseph and Mathew (2012) concluded that the optimum aggregate content for the geopolymer
concrete was 70% of the total volume. Also, they indicated that the optimum volume ratio of
fine aggregate to the total aggregate content was 0.35.
Junaid et al. (2015) indicated that the function of the aggregate in geopolymer concrete is
similar that in the normal concrete in terms of the fresh and hardened properties of the
resulted geopolymer concrete. They suggested using the design method of aggregate content
that is used for normal concrete to determine the aggregate content for the fly ash based
geopolymer concrete.

2.5.4 Water
The alkaline activator is the main source of water (55.9% by weight of the Na2SiO3 and about
60% by weight of the NaOH) in the geopolymer mix. However, water may be added to the
geopolymer concrete (in small quantities) to maintain the workability of the geopolymer mix.
The effects of added water (free water) on the properties of the geopolymer concrete have
been examined by several studies.
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According to Zhang et al. (2014), the high water content (free water) in the geopolymer
accelerated the dissolution of aluminosilicate material with the alkaline activator but reducing
the condensation and gel formation process during the geopolymerization process. On the
other hand, the non-evaporated water (chemically combined water) promoted the compressive
strength of the geopolymer concrete.
Xie and Kayali (2014) investigated the effects of the initial water content on the properties of
the fly ash based geopolymer concrete. They concluded that increasing the water content in
the geopolymer mix reduced the compactness and compressive strength of the hardened
geopolymer concrete.
On the other hand, the low water content in the geopolymer mix reduces the workability of
the geopolymer concrete. The low workability of the geopolymer mix results in a poor
consolidation of the geopolymer components as a consequence of using high viscous alkaline
activators (Wu and Sun 2010; Romagnoli et al. 2014). Because of this, voids in the
microstructure of the hardened geopolymer concrete are commonly formed particularly when
a high curing temperature is applied.

2.6 Mix design of fly ash based geopolymer concrete
The properties of the fly ash based geopolymer concrete are mainly influenced by proportions
of the main ingredients such as fly ash, alkaline activator and aggregate and by curing
conditions. The differences in the fly ash characteristics influence proposing a standard
method of the mix proportion of the fly ash based geopolymer concrete.
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Several research studies examined different mix proportions of fly ash based geopolymers
using different synthesis conditions. The use of different synthesis conditions complicated the
analysis of the controlling factors in the selection of the mix proportion of the fly ash based
geopolymer concrete (Diaz et al. 2010; Rickard et al. 2011; Marjanović et al. 2014; Nikolić et
al. 2014; Gunasekara et al. 2016; Nurwidayati et al. 2016) A few researchers have attempted
to propose methods of selecting the mix proportions of the fly ash based geopolymer concrete
(Azreen et al. 2011; Olivia and Nikraz 2012; Kupaei et al. 2013; Junaid et al. 2015; Pavithra
et al. 2016).
Olivia and Nikraz (2012) used an optimization method (Taguchi method) to determine the
optimum mix proportion of the fly ash based geopolymer concrete for marine environments.
The design parameters were selected to include aggregate content, the ratio of alkaline
activator to fly ash content (AL/FA), the ratio of Na2SiO3/NaOH and curing condition. The
fly ash used in this study was from Collie power station and the concentration of the NaOH
was fixed at 14 mole/L. In this method, the number of mixes is dependent on the number of
the tested parameters and the levels of variation of each parameter. Therefore, increasing the
number of tested parameters, for example, adding the concentration of the NaOH results in
increasing the number of the geopolymer mixes that requires reaching the optimum mix
proportion.
Junaid et al. (2015) proposed a mix design method for fly ash based geopolymer concrete.
The method introduced graphs that represented a linear relationship between the compressive
strength of the geopolymer concrete and the amount of the alkaline activator at a different
range of water content. A number of limitations in this method have been identified, for
example, the effect of the fly ash characteristics in the selection of the concentration of the
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NaOH, curing temperature and curing period has not included assuming that the fly ash is a
uniform material. Moreover, the weight ratio between Na2SiO3 and NaOH was fixed at 2.0
ignoring the correlation between the fly ash characteristics and the amount of total Na2O and
SiO2 in the alkaline activator.
Nazari and Sanjayan (2015) used artificial intelligence-based techniques to model the
compressive strength of the fly ash based geopolymer concrete. They used support vector
machine (SVM) in training a model to predict the compressive strength of the fly ash based
geopolymer concrete using a data set that was obtained from different research studies. The
input parameters that were used in training the SVM included the amount of fly ash, slag,
aggregate, water, additives, the dosage of alkaline activator and curing conditions (curing
temperature and curing time). However, the effects of the fly ash characteristics in terms of
particle size distribution and mineral composition have not been included in the developed
SVM. This means that the developed SVM assumed that different fly ashes have comparable
characteristics. According to Duxson et al. (2006), the fly ash has various characteristics from
different sources and even from different batches from a single source. This means that the
developed SVM in predicting the compressive strength of the fly ash based geopolymer
concrete may not be accurate, especially when low reactive fly ashes are used.
Pavithra et al. (2016) proposed a design method of the fly ash based geopolymer concrete.
They used the same method of selection of the water/cement ratio (w/c) for normal concrete
in selecting the amount of the alkaline activator for fly ash based geopolymer concrete.
Pavithra et al. (2016) fixed properties of the alkaline activator in terms of the NaOH
concentration and the ratio between Na2SiO3 and NaOH to reduce the number of the design
parameters. However, the method of selecting of the water/cement ratio (w/c) might not be
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suitable for geopolymers as this method was originally designed for estimating the amount of
water required to hydrate Portland cement (ACI-211.1 2009). This is because of the nature of
the geopolymerization between the alkaline activator and the fly ash is significantly different
from the reaction (hydration) between the water and Portland cement (Yip et al. 2008;
Gunasekara et al. 2016).
As a result, the proposed methods in the previous research studies have not been adopted as a
standard procedure for selecting the mix proportions of the geopolymers. This is because
these methods have not considered the variation in fly ash characteristics of different fly ash
sources. Consequently, more investigations are required to extend the current knowledge
about the relationship between different fly ash characteristics and different alkali activators,
which can contribute in proposing a standard method of selection of the mix proportion of the
fly ash based geopolymer concrete.

2.7 Factors that affect the selection of mix proportion of fly ash based geopolymer
concrete
The determination of the mix proportion of the geopolymer concrete is dependent on several
factors that are related to the properties of the main ingredients and curing conditions. For
design purposes, the selection of the mix proportion of the normal concrete should comply
with the requirements that are related to the workability, compressive strength and durability
(Neville 2011). In normal concrete, the quality of the main ingredients (Portland cement,
water and aggregate) can be controlled with acceptable deviation. However, in geopolymer
concrete, different factors affect controlling the quality of the main ingredients which in turn
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affect the selection of the mix proportion fly ash based geopolymer concrete. These factors
are as following:
2.7.1 Effects of fly ash characteristics on the selection of mix proportion of the fly ash
based geopolymer concrete
Fly ash is broadly produced from the combustion of the coal in power plants (ADAA 2015).
Different power plants usually use different types of coal (bituminous and lignite coal),
different methods of burning the coal and different ways of collecting the fly ash.
Consequently, power plants usually produce different types of fly ashes having different
mineralogy and solubility (Brindle and McCarthy 2006; Kumar et al. 2015). The different fly
ash characteristics have different extent of geopolymerization between fly ash particles and
alkaline activators which in turn affect controlling the properties of the fly ash based
geopolymer concrete (Van Jaarsveld et al. 2003). It is important to highlight the effects of the
characteristics of fly ash on the properties of the geopolymer concrete and consequently on
the selection of mix proportion of the geopolymer concrete.

2.7.1.1 Effects of the particle size distribution of the fly ash on the mix proportion of
geopolymer concrete
The particle size distribution of the fly ash plays an important role in the reactivity of the fly
ash. The particle size distribution of the fly ash influences the workability of the geopolymer
concrete. The increase of the fine particle content in the fly ash causes a considerable
enhancement in the workability of the fresh geopolymer concrete (Xie and Ozbakkaloglu
2015). Fly ash facilitates flow between the aggregate particles owing to the spherical shape
and smooth surface of the fly ash particles (Rickard et al. 2011). Thus, increasing the amount
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of fine particles in fly ash leads to decrease the friction induced between the geopolymer
concrete constituents which in turn reduce the amount of water required to achieve the
workability of the fresh geopolymer concrete (Bignozzi et al. 2014). Also, the increase of the
fine particle content in the fly ash increases the packing density (the ratio of volume fraction
occupied by the solids to the volume of the surrounding container) of the geopolymer matrix
(Gunasekara et al. 2016). The increase of the packing density of the geopolymer matrix
reduces the volume and continuity of voids and cracks in the pore structure of the of the
geopolymer matrix. This is because of the ability of fine particles to fill the voids between the
aggregate particles that consequently lead to increase the compactness of the geopolymer
concrete.
Fly ash with a high percentage of fine particles has a high chemical reactivity with an alkaline
activator (Komljenovic et al. 2010). This is because of the high surface area of the fly ash
particles that exposed to the alkaline activator which in turn increase the geopolymerization
rate and consequently increase the compressive strength of the geopolymer concrete (Kumar
et al. 2015). Diaz et al. (2010) stated that the compressive strength of geopolymer concrete
increased about 22% when the content of particles finer than 1 µm increased from 15% to
34%.
Marjanović et al. (2014) investigated the effect of the mechanical activation of the fly ash on
the properties of the geopolymer mortar. The mechanical activation of the fly ash was
performed by pulverizing fly ash samples using ball mill. The results indicated that the
increasing the percentage of the fine particles in the fly ash reduced the crystallinity degree of
minerals which in turn increased the reactivity of the fly ash in the geopolymerization.
Marjanović et al. (2014) concluded that increasing the fine particles in fly ash resulted in
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increasing the availability of the alumina in the geopolymer matrix that affected the
homogeneity of the geopolymer gel.

2.7.1.2 Effects of the chemical characteristics of fly ash on the mix proportion of
geopolymer concrete
In general, silica (SiO2), alumina (Al2O3), calcium oxide (CaO) and iron oxide (Fe2O3) are
considered the major constituents of the fly ash. According to the Ash Development
Association of Australia (ADAA 2015), the SiO2 and Al2O3 are considered the main oxides of
the fly ash where they represent about 80% by weight of the fly ash. The contents of
components including CaO and the Fe2O3 are less than 20% by weight of the fly ash. The
total weight of oxides such as Na2O, K2O, MgO and SO3 is less than 5% by weight of the fly
ash (Heidrich et al. 2014). The reactivity of fly ash with an alkaline activator relies on the
chemical characteristics of the fly ash.
The SiO2 exists in different microstructural forms (phases): crystal and amorphous forms. The
amorphous SiO2 is dissolvable (reactive) in alkaline activator more than the crystal SiO2
(Fernández-Jiménez and Palomo 2003; Fernández-Jiménez et al. 2006; Nikolić et al. 2015).
The percentage of the amorphous SiO2 relies on the temperature used in burning the original
coal and cooling the fly ash (Chen-Tanw et al. 2009; Diaz et al. 2010). Thus, the role of the
SiO2 in the geopolymerization with alkaline activator depends on the percentage of the
reactive SiO2 in the fly ash. The Al2O3 significantly affects the geopolymerization between
the fly ash and the alkaline activator. As in the SiO2, the amorphous Al2O3 represents the
reactive phase of the Al2O3 to react with the alkaline activator. At the early stages of the
geopolymerization, the Al2O3 acts as an auxiliary factor in dissolving the SiO2 in an alkaline
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activator forming aluminosilicate gel (Xu et al. 2001; Khale and Chaudhary 2007; Nikolić et
al. 2015). Fernández-Jiménez et al. (2006) stated that the reactivity of the fly ash with alkaline
activator relies on the balance between the amount of the reactive SiO2 and the reactive
Al2O3.
The relationship between SiO2 and the Al2O3 in terms of Si/Al ratio has been used by several
studies to estimate the reactivity of the fly ash in the geopolymers. Fernández-Jiménez et al.
(2006), for example, stated that the highest compressive strength of the geopolymer was
achieved when the Si/Al was 4.7. On the other hand, Tennakoon et al. (2014) suggested that
the optimum Si/Al ratio was 3.7 to achieve a maximum rate of geopolymerization. Different
factors affect the optimum Si/Al ratio to achieve satisfactory properties of the geopolymer
concrete such as particle size distribution and the degree of crystallinity of the main
components.
The presence of the CaO in the fly ash is considered as the promoting factor in the early
compressive strength of the geopolymers (Jaarsveld et al. 2003; Diaz et al. 2010; Bignozzi et
al. 2014). This increment was attributed to the formation of calcium silicate, calcium
aluminate hydrates, and calcium–silico–aluminates (Yip et al. 2008). Diaz et al. (2010) stated
that the presence of a calcium component in the fly ash has a tendency to combine with water
to form calcium silicate hydrate that boosts the compressive strength of the geopolymer
concrete. Temuujin et al. (2009) utilised calcium components to improve the compressive
strength of the geopolymer concrete. It was found that adding the Ca(OH)2 to the geopolymer
concrete increased the compressive strength by 20%.
Finally, the presence of metal cations in the fly ash has a positive effect on the properties of
the geopolymer concrete. These cations include Na, K and Mg which are described as
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network modifier elements (NME) (Brindle and McCarthy 2006). The increase in the NME
results in increasing the reactivity of fly ash with an alkaline activator (Duxson and Provis
2008). The mechanism by which the NME influences the vitreous structure of the fly ash
includes disorder and depolymerisation of the glass network through the balance of electrical
charge that is provided by NME (Duxson and Provis 2008). Thus, the higher content of
network modifiers may generate a higher weight fraction of the amorphous phases in the fly
ash (Oh et al. 2015). As a result, the NME increase the reactivity of the fly ash to dissolve
with the alkaline activator to form a dense aluminosilicate gel which in turn enhance the
mechanical properties of the geopolymer concrete (Li et al. 2011).
In conclusion, the characteristics of fly ash play an important role in determining the
properties of the geopolymer binder. Increasing the content of fine particles and the reactive
component of fly ash improves the microstructure and properties of the geopolymer cement.
The reactivity of the fly ash affects directly the selection of the fly ash content and the dosage
of the alkaline activator.

2.7.2 Effects of alkaline cations on the mix proportion of geopolymer concrete
These metal cations play an important role in the selection of alkaline activator for
geopolymers. Different alkaline metal cations have been used in producing alkaline activators.
For geopolymers, metal cations including sodium (Na), potassium (K), and calcium (Ca) are
commonly used in producing the alkaline activator components such as NaOH, Na2SiO3,
KOH and Ca(OH)2. The alkali metal cations influence the kinetics of the geopolymerization
process. The dissolution of the fly ash is highly dependent on the cations used in the alkaline
hydroxide (Jaarsveld and Deventer 1999). The extent of leached silicate and aluminate from
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aluminosilicate particles is higher in the Na activator system than in the K activator system
(Xu et al. 2001). However, the use of KOH in activating the fly ash was observed to have a
high rate of condensation and hardening of the aluminosilicate species than using the NaOH
(Jaarsveld and Deventer 1999). This difference in the behaviour between the Na activator
system and the K activator system in the geopolymerization of fly ash was attributed to the
differences in ion size between the K+ and the Na+ where the size of K+ (1.33 Å) is larger than
the size of the Na+ (0.97 Å). The ion size influences the intensity of the positive charge at the
molecular level which in turn affects the properties of the resulted geopolymer (Jaarsveld and
Deventer 1999).
According to Xu et al. (2001), the compressive strength of the geopolymer samples that were
mixed with K+ was higher than samples that were mixed with Na+. The high compressive
strength of the samples was due to the long silicate oligomers that are formed in the K+
activator system as compared to the monomers silicate oligomers in the Na+ activator system.
The long silicate oligomers tend to bind with a negative charge of the dissolved alumina
leading to a high compressive strength.
The ratio of Si/Al of geopolymer matrix affects the efficiency of K+ activator system on the
compressive strength of the geopolymer. Duxson et al. (2007) stated that the compressive
strength of specimens activated with K+ activator system was higher than specimens activated
with Na+ activator system at a range of Si/Al ratio of 1.4 to1.9. While the compressive
strength of the specimens activated with the Na+ activator system was higher than specimens
activated with K+ activator system at Si/Al ratio of 1.15 and 2.15.
In addition, the use of soluble silicate in the alkaline activator influences the selection of
alkaline metal cations. Leong et al. (2016) concluded that the compressive of geopolymer
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mortar that was activated by the Na+ activator system was higher than those that were
activated by K+ activator system when increasing the amount of sodium silicate in the alkaline
activator. This is because of the high viscosity nature of the soluble silicate that reduces the
mobility of ions through the geopolymer matrix. The mobility of small ions through the
aluminosilicate gel is easier than the large ions. This means that the Na+ cations (0.97 Å) have
a strong ion-pair reaction when a higher amount of soluble silicate is used (Xu and Deventer
2002).

2.7.3 Effects of the concentration of alkaline activator on the mix proportion of
geopolymer concrete
The concentration of the alkaline hydroxide (NaOH or KOH) plays an important role in
determining the properties of the geopolymer concrete. The concentration of the NaOH has a
significant effect on the workability of the fly ash based geopolymer concrete. Increasing the
concentration of the NaOH resulted in decreasing the workability of the fly ash based
geopolymer concrete. Laskar and Bhattacharjee (2013) investigated the effects of the alkali
activators on the rheology of fly ash based geopolymer. Their findings revealed that
geopolymer concrete lost workability as the concentration of NaOH increased. This was
because of the high viscosity of the NaOH that increased with increasing the concentration of
the NaOH. The results also indicated that the thixotropic of the mixture increased with
increasing the sodium silicate content in the geopolymer mixture.
The concentration of alkaline hydroxide affects the extent of dissolution of the fly ash. The
dissolution rate of the aluminosilicate materials increases as the concentration of the alkali
hydroxide increase (Xu and Deventer 2000). Rattanasak and Chindaprasirt (2009) stated that
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the leaching of silicate and aluminate species from fly ash particles increased with increasing
the concentration of NaOH solution as shown in Figure 2.4.

Figure 2.4 Fly ash dissolution with different concentration of the NaOH (SEM images)
(Rattanasak and Chindaprasirt 2009)

The results showed that the leaching of Si4+ and Al3+ increased about 300% and 370%,
respectively, when the concentration of NaOH increased from 5 to 10 mole/L. However,
increasing the concentration of NaOH from 10 to 15 mole/L reduced the leaching rate Si4+
and Al3+ from fly ash particles by 56% and 23%, respectively. According to Rattanasak and
Chindaprasirt (2009), this reduction in the leaching rate of the Si4+ and Al3+ at a high
concentration of the NaOH was due to thickening the aqueous solution with dissolved
aluminosilicate species that lower the mobility of ions through the matrix.
Different studies suggested different optimum concentrations of NaOH to use in dissolving
fly ash particle to achieve a high compressive strength, however, so far there is no standard
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method to determine the optimum concentration of NaOH. Fly ash characteristics affect the
selection of concentration of alkaline hydroxide. The dissolving of fine particles of fly ash (<
45 µm) requires a lower concentration of alkaline hydroxide than the coarse particles. Somna
et al. (2011) stated that the concentration of the NaOH that was required to dissolve fly ash
with fineness modulus (% fly ash particles <45 µm) of 91% ranged between 9.5 and 14
mole/L. While the dissolving of fly ash with fineness modulus of 60% required NaOH
concentration of 16 mole/L. Soutsos et al. (2016) stated the compressive strength of
geopolymer paste increased significantly with increasing the concentration of the NaOH from
7.5 to 12.5 mole/L. While the compressive strength of the geopolymer paste declined
significantly with increasing the concentration of NaOH up to 15 mole/L. This reduction in
compressive strength was attributed to the saturation of the aqueous solution with alkaline
ions resulted in inhibiting the dissolution of the silica and alumina species from fly ash
particles.

2.7.4 Effects of soluble silicate on the mix proportion of geopolymer concrete
The use of soluble silicate such Na2SiO3 and K2SiO3 increases the dissolution and
participation of alumina with silicon to form geopolymer gel (Duxson et al. 2007). The
concentration of the soluble silicate affects the extent of dissolution of the aluminosilicate.
The use of a low concentration of soluble silicate, for example, inhabitants the
geopolymerization process due to the formation a weak gel on the surface of the
aluminosilicate particles that isolate these particles from the alkaline activator (Lee and
Deventer 2002).
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The use of soluble silicate in the alkaline activator reduces the workability of the geopolymer
concrete. This reduction in the workability is due to the sticky and viscous form of the liquid
silicate (Nath and Sarker 2013). The effect of soluble silicate on the workability of the
geopolymer concrete is dominated by the ratio of the soluble silicate to the alkaline hydroxide
(Ryu et al. 2013). According to Leong et al. (2015), the highest workability was achieved at
the Na2SiO3/NaOH ratio of 0.5, while the lowest workability was recorded at Na2SiO3/NaOH
ratio of 3.0.
The compressive strength of geopolymer concrete increases with increasing the amount of
soluble silicate in the alkaline activator (Hardjito and Rangan 2005; Duxson et al. 2007).
Joseph and Mathew (2012) concluded that increasing the weight ratio of Na2SiO3/NaOH from
1.5 to 2.5 resulted in a significant increase in the compressive strength of the geopolymer
concrete regardless the concentration of the NaOH. However, the increase of Na2SiO3/NaOH
over 2.5 resulted in declining the compressive strength of the geopolymer concrete due to the
reduction in the quantity of the NaOH that is required to dissolve the fly ash particles.

2.7.5 Effects of the total activator to fly ash content ratio on the mix proportion of
geopolymer concrete
The weight ratio between the total alkaline activator and fly ash content (AL/FA) plays an
important role in determining the mix proportion of the geopolymer concrete. The AL/FA
ratio has a significant effect on the workability of the geopolymer concrete. Increasing the
AL/FA ratio leads to increase the liquid content in the geopolymer matrix which in turn
increases the flowability of the geopolymer mix (Joseph and Mathew 2012). Leong et al.
(2015) found that the increase in the ratio of AL/FA from 0.3 to 0.6 led to increasing the
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slump of the geopolymer mix from 0 to 250 mm. As a result, determining the optimum
AL/FA ratio is important to control the workability and compressive strength of the
geopolymer concrete.
In addition, using a high AL/FA ratio reduces the compressive strength of the geopolymer
concrete (Xu and Deventer 2000). This is because of the excessive amount of the alkaline
activator that leads to inhibit the geopolymerization process (Reig et al. 2014; Komnitsas et
al. 2015). Moreover, the increase of the AL/AF in geopolymer mixes results in a significant
increase in the porosity of the geopolymer mixes especially when the specimens are cured at
elevated temperature. According to Olivia and Nikraz (2012), increasing the AL/FA ratio
from 0.3 to 0.4 reduced the compressive strength of the geopolymer concrete by 32%.
On the other hand, using a low AL/AF ratio leads to a remarkable reduction in the
compressive strength of the geopolymers. The decrease in the compressive strength is due to
the insufficient amount of the alkaline activator that was required to dissolve the fly ash
particles. Consequently, a weak geopolymer matrix with non-homogeneous structure is likely
found due to the presence of unreacted fly ash particles (Leong et al. 2016). As a result, the
use of optimum AL/FA ratio is important to control the properties of the fly ash based
geopolymer concrete. The selection of optimum AL/FA ratio is dependent on fly ash
characteristics, type and concentration of the alkaline activator.

2.7.6 Effect of the curing temperature on the mix proportion of geopolymer concrete
Heat curing has a significant effect on the geopolymerization process between the fly ash and
the alkaline activator that consequently affects the properties of the resulted geopolymer
(Kovalchuk et al. 2007; Criado et al. 2010). The selection of optimum curing temperature and
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duration of the heat curing are necessary to complete the dissolution of fly ash particles, the
growth of the new product and the hardened of the geopolymer (Jaarsveld et al. 2002).
Curing temperature has a significant effect on the properties of the geopolymer concrete due
to the correlation between the curing temperature and the order of the polymer formed in the
geopolymer matrix (Duxson et al. 2006). This is because of the effect of the heat curing on
accelerating the geopolymerization process which in turn affects the amount of the dissolved
aluminosilicate materials in the geopolymer matrix (Criado et al. 2010). However,
overheating the geopolymer concrete causes a reduction in the compressive strength of
geopolymer concrete, in particular, for mixtures that have a high liquid content. This is
because of the high shrinkage and porosity that occur in geopolymer concrete when a high
curing temperature (> 100oC) is applied on the geopolymer concrete (Jaarsveld et al. 2002;
Kovalchuk et al. 2007). Several studies suggested different optimum, curing temperature, and
duration of curing for the fly ash based geopolymer concrete.
Kovalchuk et al. (2007) investigated the effects of curing conditions on the geopolymerization
process of the fly ash based geopolymer concrete. They examined the effect of covered mould
curing at 95o C, dry curing at 150o C and steam curing 95o C on the compressive strength of
the geopolymer concrete. The results showed that the samples cured in covered moulded
conditions exhibited the highest compressive strength (102 MPa), while the lowest
compressive strength (27 MPa) was recorded for specimens cured in dry conditions.
Nuruddin et al. (2011) investigated the effect of curing temperature on the developing of the
compressive strength of the fly ash based geopolymer concrete. The geopolymer concrete
specimens were cured in temperatures between 60o C and 90o C. The results showed that
increasing the curing temperature from 60o C up to 70o C resulted in a significant increase in
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the compressive strength of the geopolymer concrete. However, increasing the curing
temperature over 70o C resulted in a considerable reduction in the compressive strength of the
geopolymer concrete. On the other hand, Joseph and Mathew (2012) also examined the effect
of increasing the curing temperature on the developing of the compressive strength of the fly
ash based geopolymer concrete at a range of curing temperature from 60o C to 120o C. The
results showed that the compressive strength of the geopolymer concrete increased
significantly with increasing the curing temperature from 60o C up to 100o C. The
compressive strength of the geopolymer, however, declined significantly when the curing
temperature increased over 100o C.
Adam and Horianto (2014) examined the effect of curing temperature on the compressive
strength of the geopolymer concrete at temperatures of 80o C, 100o C and 120o C. The results
indicated that the compressive strength of the geopolymer concrete increased by 40% with
increasing the curing temperature from 80o C to 120o C. also Soutsos et al. (2016) indicated
that increasing the curing temperature from 50o C to 70o C led to a significant increase in the
compressive strength of the geopolymer concrete.
As a result, curing the fly ash based geopolymer concrete at a low curing temperature results
in a high amount of unreacted fly ash particles in the microstructure of the geopolymer
matrix. While overheating the geopolymer concrete results in a porous geopolymer matrix.
Thus, it is imperative to use an optimum curing temperature for curing the fly ash based
geopolymer concrete. Different studies suggested different optimum curing temperature to use
for curing the fly ash based geopolymer concrete. However, there is no standard method to
determine the optimum curing temperature for the fly ash based geopolymer concrete. Thus, a
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method of selecting the optimum curing temperature is required for the fly ash based
geopolymer concrete.
In addition, the duration of the heat curing has a significant effect on the properties of the
geopolymer concrete. Different studies (Hardjito and Rangan 2005; Nuruddin et al. 2011;
Joseph and Mathew 2012; Adam and Horianto 2014; Helmy 2016) showed that increasing the
duration of the heat curing resulted in a considerable increase in the compressive strength of
the geopolymer concrete. The studies indicated that the highest increase in the compressive
strength of the geopolymer concrete was achieved within 24 hours of the heat curing. While
the rate of increasing the compressive strength of the geopolymer concrete became slower
when the duration of the heat curing over 24 hours.

2.8 Properties of the fly ash based geopolymer concrete
2.8.1 Workability of the geopolymer concrete
In general, the workability of the geopolymer concrete is lower than normal concrete because
of using the alkaline activators (Deb et al. 2014). The workability of geopolymer concrete
depends on the characteristics of the fly ash and alkaline activator. The workability of the fly
ash based geopolymer concrete increased significantly with increasing the amount of fine
particles in the fly ash owing to the spherical shape and smooth surface of the fly ash particles
(Rickard et al. 2011). The alkaline hydroxide and liquid silicate have a high viscosity where
the dynamic viscosity of the sodium silicate reached 1200 cps at 20o C. Thus, adding alkaline
activator with a high viscosity to the fly ash leads to an increase in the cohesiveness and
stickiness of the geopolymer concrete mix which in turn reduces the workability of the
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geopolymer concrete. As a result, superplasticizers additives that are used for normal concrete
have been used to maintain the low workability of the fly ash based geopolymer concrete.
Several studies investigated the effect of using superplasticizers (water reducer) additive on
the properties of the geopolymer concrete. The superplasticizers additives involve a wide
range of chemicals that have a different chemical reaction with alkali activators of the
geopolymer mix. Laskar and Bhattacharjee (2013) explored the effect of lignin-based and
polycarboxylic-ether-based superplasticizers on the rheology of the fly ash based geopolymer
concrete. The results indicated that the efficiency of the superplasticizer in increasing the
workability of the geopolymer concrete decreased with increasing the concentration of the
NaOH in the alkaline activator over 4 mole/L as shown in Figure 2.5.

Figure 2.5 Effectiveness of plasticizer/superplasticizer with
variation of molar strength of NaOH solution (Laskar and Bhattacharjee 2013)
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The results also indicated that the efficiency of the lignin based superplasticizer in increasing
the workability of the geopolymer concrete was higher than the polycarboxylic-ether-based
superplasticizer especially at NaOH concentration of 8 mole/L.
Jang et al. (2014) explored the effects of the superplasticizers additives on the mechanical
strength of geopolymer paste. They observed that using superplasticizers additives with the
polycarboxylate base exhibited a higher workability of the fly ash based geopolymer mix
more than those with the naphthalene based superplasticizer. However, they observed that
using superplasticizer additives with the polycarboxylate base declined the compressive
strength of the geopolymer paste.
Nematollahi and Sanjayan (2014) also investigated the effects of different superplasticizers
(SP) on the properties of the geopolymer concrete. The results indicated that using
naphthalene based superplasticizer (N) in mixes that were activated by NaOH increased the
workability of the fly ash based geopolymer paste higher than using the modified
Polycarboxylate superplasticizer (PC) without any declination in the compressive strength.
On the other hand, the modified Polycarboxylate superplasticizer increased the workability of
the mixes that were activated by NaOH and Na2SiO3 by 135%, however, the compressive
strength of the fly ash based geopolymer paste declined by 30% as shown in Figure 2.6. As a
result, the superplasticizer additives have different compatibility with geopolymer concrete.
Thus it is important to produce a new generation of superplasticiser additives that are
compatible with geopolymer concrete.

36

Figure 2.6 Effect of different superplasticizer on relative slump of the fly ash based
geopolymer paste with using multi-compound activator (Na2SiO/NaOH = 2.5)
(Nematollahi and Sanjayan 2014)

The low workability of the geopolymer mix affects the properties the hardened geopolymer
concrete. The high viscosity of the geopolymer mix reduces the efficiency of compaction to
eliminate the entrapped air bubbles in the geopolymer mix which in turn reduces the
consolidation of the geopolymer concrete components (Noushini and Castel 2016). The poor
consolidation of the concrete results in a geopolymer matrix with the porous microstructure
and weak interaction between the geopolymer mix components.
2.8.2 Microstructure of the geopolymer concrete
Several studies have investigated the microstructure of fly ash based geopolymers. Different
techniques have been used to analyse the microstructure of the fly ash based geopolymers
such as X-Ray Diffraction (XRD), X-Ray Fluorescent (XRF) and Scanning Electron
Microscopy (SEM). In general, the microstructure of the geopolymers contains fully and
partially reacted fly ash particles, products of the geopolymerization process, voids and cracks
(Duxson et al. 2005; Fernández-Jiménez and Palomo 2005; Fernández-Jiménez et al. 2005).
The presence of unreacted particles, voids and cracks in the microstructure reduce the
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homogeneity of the geopolymer matrix that affects the compactness and the pores distribution
of the geopolymer concrete (Zhu et al. 2004). Consequently, the properties of the
microstructure of the geopolymer matrix determine the mechanical properties of the
geopolymer concrete. The microstructure of geopolymers is influenced by fly ash
characteristics (chemical and physical), the properties of the alkaline activator and curing
conditions.
According to Duxson et al. (2005), the Si/Al of the aluminosilicate material affected
significantly the microstructure of the resulted geopolymer. The geopolymer paste exhibited a
microstructure with a clustered of reacted, unreacted particles and connected pores when the
Si/Al of the aluminosilicate material was 1.4. While the microstructure of the geopolymer
paste showed a homogeneous and dense microstructure with small disconnected pores when
the Si/Al was 1.6.
The particle size distribution of the fly ash affects the microstructure of the fly ash based
geopolymer matrix. Kumar and Kumar (2011) investigated the effects of increasing the
amount of fine particles in the fly ash on the microstructure of the geopolymer paste. They
used an eccentric vibratory mill in milling the fly ash samples to different median particle
size. Kumar and Kumar (2011) concluded that increasing the amount of fine particles (low
median particle size) in a fly ash resulted in a homogeneous and compacted microstructure of
the resulted geopolymer owing to increasing the formation of aluminosilicate gel.
The alkaline activator in terms of type and concentration has a significant influence on the
microstructure and the pores distribution of the geopolymer concrete. Fernández-Jiménez and
Palomo (2005) investigated the microstructure of fly ash based geopolymer using different
types of alkaline activator. They found that the microstructure of specimens that were
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activated by NaOH have a considerable amount of unreacted fly ash particles. On the other
hand, the use of liquid silicate (Na2SiO3) in the alkaline activator resulted in a strong adhesion
between the geopolymer mix components. Also, the results showed that increasing the
amount of liquid silicate in the matrix decreased the size of the pores but increased the
connectivity between gels. This led to a highly compact microstructure of the resulted
geopolymer.
Ravikumar et al. (2010) investigated the effects of the NaOH concentration on the
microstructure of the geopolymer concrete. The results showed that increasing the
concentration of the NaOH resulted in decreasing the pore size in the microstructure of the
geopolymer concrete. This enhancement in the microstructure of the geopolymer concrete
was justified to increasing the formation of the aluminosilicate gel with increasing the
concentration of the NaOH. The formed aluminosilicate gel filled the voids and cracks within
the geopolymer matrix leading to increasing the density and compactness of the
microstructure of the geopolymer concrete.
Zhou et al. (2016) investigated the effects of different curing temperature on the
microstructure of the fly ash based geopolymer paste. In their study, the microstructures of the
geopolymer paste that was produced from activating a fly ash by NaOH and Na2SiO3 were
analysed at curing temperatures of 20o C, 40o C, 60o C and 80o C. the results showed that
increasing the curing temperature from 20o C to 80o C resulted in a dense microstructure with
a small disconnected pores. As a result, the properties of the microstructure of the fly ash
based geopolymer concrete play an important role in determining the pores distribution and
consequently the properties of the produced fly ash based geopolymer concrete.
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2.8.3 Mechanical properties of the fly ash based geopolymer concrete
Fly ash based geopolymer concrete is a heterogeneous material of which the mechanical
properties are governed by the properties of the main components and by the interactions between
these components. The mechanical properties of fly ash based geopolymer concrete addressed in
this chapter are the compressive strength and the splitting tensile strength.

Several studies have investigated the compressive strength of the fly ash based geopolymer
concrete. These studies reported that the compressive strength of the fly ash based
geopolymer concrete is comparable to that for the normal concrete (Duxson et al. 2006; Sofi
et al. 2007; Diaz et al. 2010; Diaz-Loya et al. 2011; Ryu et al. 2013; Ryu et al. 2013;
Kazemian et al. 2015; Leong et al. 2016; Nagalia et al. 2016). Different factors affect the
compressive strength of the fly ash based geopolymer concrete which are related to the fly ash
characteristics, type and dosage of the alkaline activator and curing temperature as discussed
above.
The tensile strength of the fly ash based geopolymer concrete is important to control the early
cracks propagation due to stresses induced between concrete and reinforcement bars (Sofi et
al. 2007). The relationship between the splitting tensile strength and compressive strength of
the fly ash based geopolymer concrete was reported by several studies (Sofi et al. 2007;
Topark-Ngarm et al. 2015; Nguyen et al. 2016; Nath and Sarker 2017). The tensile strength of
the fly ash based geopolymer concrete tends to be higher than those for the normal concrete at
the same range of compressive strength value as shown in Figure 2.7.
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Figure 2.7 Variation of splitting tensile strength with compressive
strength for geopolymer concrete (GPC) and normal concrete mixes (Sarker 2010)
The superiority of the tensile strength of the fly ash based geopolymer concrete was attributed
to the dense interfacial transition zone (ITZ) of the geopolymer matrix (Sarker et al. 2013).
The dense ITZ of the fly ash based geopolymer concrete results from the use of the soluble
silicate (Na2SiO3) in the alkaline activator (Lee and Van Deventer 2004). However, only a
few research studies reported the effects of fly ash characteristics and mix proportion of the
fly ash based geopolymer concrete on the splitting tensile strength.
2.8.4 Water absorption of the fly ash based geopolymer concrete
The water absorption of the concrete gives an indication of the durability of concrete against
ingress of the harmful ions such as chloride and sulphate into the concrete. In general, water
absorption is mainly influenced by the capillary suction of the concrete matrix (Neville 2011).
The capillary suction is influenced by the size and the connectivity between the pores in the
gel. The water absorption of the fly ash based geopolymer concrete has been studied by a
number of researchers.
41

Olivia and Nikraz (2012) explored the effects of water content, aggregate content and AL/FA
ratio on the water absorption of fly ash based geopolymer concrete. They found that the water
absorption of the fly ash based geopolymer concrete decreased with decreasing the water
content, the aggregate content and the AL/FA ratio in the geopolymer mix. They further
reported that the water absorption of the fly ash based geopolymer concrete was lower than
that recorded for normal concrete because of the small disconnected pores in the
microstructure of the geopolymer matrix.
Ma et al. (2013) investigated the relationship between the pore structure and water absorption
of fly ash based geopolymer paste. The fly ash based geopolymer paste was prepared by
activating a fly ash with different dosage of alkaline activator and cured at different curing
conditions. The results indicated that the pore structure of fly ash based geopolymer paste was
significantly different from that for the Portland cement paste. They found that formation of
aluminosilicate gel was homogeneous, but some large irregular shape cavities were observed.
They stated that the developing rate of the pore structure of fly ash based geopolymer paste
was significantly slower than that for Portland cement paste. Thus, the water absorption of fly
ash based geopolymer paste was higher than that for Portland cement paste. It was found that
increasing the curing temperature, curing time and silica content in the alkaline activator
decreased the water absorption of the fly ash based geopolymer concrete significantly. In
contrast, increasing the Na2O content in the alkaline activator increased the water absorption
at later ages.
Gunasekara et al. (2016) investigated the water absorption of the fly ash based geopolymer
concrete using different fly ash sources. They reported that the water absorption of the fly ash
based geopolymer concrete ranged from 1.75% to 6.22%. The differences in the water
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absorption of the different fly ash based geopolymer concrete mixes were attributed to
variances in the fly ashes characteristics in particular particle size distribution. The presence
of coarse fly ash particles in the geopolymer matrix resulted in a large number of unreacted
and partially reacted fly ash particles in the microstructure. Consequently, increasing the
amount of unreacted and partially reacted fly ash particles in the microstructure increases the
volume of the total pores in the geopolymer concrete.

2.9 Bond strength between the fly ash based geopolymer concrete and steel
reinforcement
Reinforced concrete members generally rely on the interfacial bond between the reinforcing
bars and the surrounding concrete (ACI-408R 2003; ACI-318 2011). Transferring the forces
between a steel rebar and the surrounding concrete depends on chemical adhesion, friction
and the mechanical interlocking between steel ribs and the concrete (ACI-408R 2003). The
performance of the concrete to resist stresses transferred from the reinforcing bars is
dominated by the compressive and the tensile strengths of the surrounding concrete (ACI408R 2003).
The mechanism of the chemical reaction and the microstructure of the geopolymer concrete
are different from that for normal concrete. The fly ash based geopolymer concrete may
exhibit different bond strength with the steel reinforcement from that with normal concrete.
Therefore, it is important to highlight the structural behaviour between the fly ash based
geopolymer concrete and steel reinforcement.
Several studies investigated the bond strength between the fly ash based geopolymer concrete
and steel reinforcement (Sofi et al. 2007; Sarker 2010; Castel and Foster 2015; Ganesan et al.
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2015; Topark-Ngarm et al. 2015; Dahou et al. 2016). Sofi et al. (2007) investigated the bond
strength between the fly ash based geopolymer concrete and steel reinforcement. According to
Sofi et al. (2007), the bond strength between the fly ash based geopolymer concrete and steel
reinforcement was similar to that was observed between normal concrete and steel
reinforcement. On the other hand, Sarker (2010) concluded that bond strength between the fly
ash based geopolymer concrete and steel reinforcement is significantly higher than the bond
strength between the normal concrete and steel reinforcement at a range of the bond strength
between 10 MPa to 20 MPa.
Castel and Foster (2015) investigated the effect of curing conditions on the bond strength
between the fly ash based geopolymer concrete and steel reinforcement. Castel and Foster
(2015) reported that the increase of the curing time stimulates the bond strength between the
fly ash based geopolymer concrete and steel reinforcement. Topark-Ngarm et al. (2015)
examined the bond strength between the fly ash based geopolymer concrete and steel
reinforcement. Topark-Ngarm et al. (2015) concluded that the high calcium (CaO) content (≥
15%) in the fly ash increased the bond strength between the fly ash based geopolymer
concrete and steel reinforcement.
Dahou et al. (2016) proposed an empirical model for the bond strength of the fly ash based
geopolymer concrete and PCC. The proposed models were evaluated with the model used by
the European Committee for Concrete-International Federation for Structural Concrete CEBFIP (2010). The model proposed for the fly ash based geopolymer concrete showed that the
bond strength between the fly ash based geopolymer concrete and steel reinforcement was
higher than the bond strength between the normal concrete and steel reinforcement.
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The existing studies showed that the bond strength between the fly ash based geopolymer
concrete and steel reinforcement is higher than the bond strength between the normal concrete
and steel reinforcement in the range of bond strength between 10 MPa up to 20 MPa.
However, the existing studies did not investigate the effect of using different fly ash
characteristics and different mix proportion on the bond strength between the fly ash based
geopolymer concrete and steel reinforcement.

2.10 Summary
Geopolymer is an eco-friendly alternative to the Portland cement for structural applications.
Geopolymer can be synthesized by activating the aluminosilicate materials such as fly ash to
form a three-dimensional inorganic polymer. The characteristics of the aluminosilicate
materials affect significantly the geopolymerization process and consequently the properties
of the produced geopolymer.
Different sources of aluminosilicate materials can be used in producing the geopolymer
concrete, however, fly ash is gaining more attraction to be used in producing geopolymers
because it is a cheap and a widely available material. However, the major issue facing the use
of fly ash in geopolymer concrete is the variability of fly ash characteristics from different
sources that affect controlling the properties of the produced geopolymer. The differences in
the fly ash characteristics influence proposing a standard method for the selection of the
geopolymers mix proportions and curing conditions, particularly, the dosage of the alkaline
activator, binder content and the optimum curing temperature. A number of researchers
attempted to propose a mix design method for the fly ash based geopolymer concrete,
however, these methods assumed that fly ash has uniform characteristics with small marginal
differences.
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The selection of mix proportion of the fly ash based geopolymer concrete is influenced by
factors that are related to the fly ash characteristics, properties of the alkaline activator and
curing conditions. Fly ash characteristics have a substantial impact on the selection the mix
proportion of the geopolymer concrete. These characteristics included the particle size
distribution, the content of the amorphous silica and alumina, the content of calcium oxide
and the percentages of the network modifier elements. The selection of the alkaline activator
in terms of type, dosage and concentration is significantly influenced by the fly ash
characteristics. Curing conditions in terms optimum curing temperature also have a significant
impact on the properties of the fly ash based geopolymer concrete. However, the existing
studies suggested different optimum curing temperature to use in curing the fly ash based
geopolymer concrete. Thus, a method of selecting the optimum curing temperature based on
the fly ash characteristics and mix proportion is required for curing the fly ash based
geopolymer concrete.
Previous studies found that the fly ash based geopolymer concrete has a similar compressive
strength to the normal concrete but higher in splitting tensile strength. The existing studies
showed that the bond strength between the fly ash based geopolymer concrete and steel
reinforcement tends to be similar or higher than the bond strength between the normal
concrete and steel reinforcement in the range of bond strength between 10 MPa up to 20 MPa.
However, the existing studies did not investigate the effect of using different fly ash
characteristics and different mix proportion on the bond strength between the fly ash based
geopolymer concrete and steel reinforcement.
The existing studies have demonstrated the effects of various factors as reviewed, but there is
a lack of systematic study with all these factors considered in a comprehensive program. Such
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an experimental program is essential for a reliable mix design approach to be developed with
all these factors being considered.
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CHAPTER 3 FACTORS AFFECTING THE COMPRESSIVE
STRENGTH OF THE FLY ASH BASED GEOPOLYMER MORTAR
3.1 Overview
This chapter presents a comprehensive study on the effect of fly ash characteristics, the
dosage of the alkaline activator (NaOH and Na2SiO3) on the compressive strength of the fly
ash based geopolymer mortar (FBGM). In addition, the effects of different curing temperature
on the compressive strength of the FBGM were evaluated at different fly ash characteristics
and dosage of the alkaline activator.
The details of the experimental work including materials, mixing procedure, curing methods
and testing methods are presented in this chapter. The test results are also illustrated and
discussed in this study.

3.2 Materials
3.2.1 Fly ash
In this study, fly ash Type F supplied by Ash Development Association of Australia (ADAA
2015) from five different Australian power stations: Eraring (ER), Mt Piper (MP), Bayswater
(BW), Gladstone (GL), and Collie (CL) was used in producing geopolymer mortar. The XRay diffraction (XRD), X-Ray Fluorescent (XRF) and the particle size distribution analysis of
the fly ash were conducted at the laboratories of the School of Earth & Environmental
Sciences, University of Wollongong, Australia. The results of the XRD and XRF of the major
elements and minerals of the fly ash are shown in Tables 3.1 and 3.2, respectively. The
particle size distribution analysis of fly ash samples is shown in Figure 3.1.
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Table 3.1 Major elemental composition of the fly ashes

Element

Eraring
(ER)
(%)

Mt-Piper
(MP)
(%)

Bayswater
(BW)
(%)

Gladstone
(GL)
(%)

Collie
(CL)
(%)

Na2O

0.53

0.14

0.21

0.97

0.24

MgO

0.34

0.12

0.26

1.37

0.59

Al2O3

25.84

25.80

15.23

26.22

33.40

SiO2

62.89

66.60

77.20

43.44

52.67

P2O5

0.30

0.10

0.04

1.26

0.08

SO3

0.16

0.10

0.10

0.32

0.04

K2O

1.20

2.70

1.51

0.49

0.25

CaO

2.32

0.37

0.62

5.41

0.96

TiO2

1.06

1.05

0.61

1.45

2.10

MnO

0.07

0.01

0.04

0.26

0.15

Fe2O3

3.06

0.94

2.45

17.42

8.90

LOI

1.74

1.31

0.72

0.70

0.43

Table 3.2 Main phases of the fly ash determined by XRD
Phase Type

Eraring

Mt-Piper

Quartz (%)

8.21

3.75

11.46

3.62

2.36

Mullite (%)

18.20

11.40

8.48

14.54

19.48

Hematite (%)

1.39

0.72

1.31

6.12

1.86

Amorphous (%)

72.19

84.13

78.75

75.72

76.30
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Figure 3.1 Particles size distribution of the fly ash samples

The results of the analysis of the major elements and minerals of the fly ash revealed that all
fly ash samples are classified as Type F according to the ASTM-C618 (2015). The summation
of SiO2, Al2O and Fe2O3 content for all fly ashes were higher than 70%, and the CaO content
was less than 8%. Also, the percentages of unburned particles in terms of the Loss On Ignition
(LOI) for all fly ashes ranged between 0.7% and 1.7%. The results of the particle size
distribution test showed that the fineness modulus (percentage of the particles retained on
sieve 45 µm (no. 325)) of fly ashes ER, MP, BW, GL and CL were 30%, 23%, 15%, 11% and
14%, respectively. Moreover, the median particle size (diameter of 50% pass particles) of fly
ashes ER, MP, BW, GL and CL were 24.8, 20.5, 17.0, 3.5 and 9.0 µm, respectively.
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3.2.2 Alkaline activator
The alkaline activator used in this study was prepared by mixing of sodium hydroxide
(NaOH) and sodium silicate (Na2SiO3) in different proportions. The NaOH solution was
prepared by dissolving the caustic soda, which contained about 98% by weight NaOH, in
distilled water to the required concentrations of the NaOH (12, 14 and 16 mole/L). The
solution was prepared 24 hours prior mixing with the FBGM mix. The Na2SiO3 was provided
by PQ Australia Pty., Ltd in liquid form (PQ Australia Pty. 2016). The Na2SiO3 contained
about 29.4%, 14.7% and 55.9% by weight SiO2, Na2O and water, respectively. The Na2SiO3
was blended with NaOH into three Na2SiO3/NaOH weight ratios of 1.5, 2.0 and 2.5 according
to the studies conducted by Joseph and Mathew (2012) and Olivia and Nikraz (2012). The
alkaline activator was blended with fly ash into four weight ratios (AL/FA) which were 0.4,
0.5, 0.6 and 0.7. The range of the AL/FA ratios were selected according to previous
investigations (Rattanasak and Chindaprasirt 2009; Somna et al. 2011; Nath and Sarker 2013;
Soutsos et al. 2016). As a result, different proportions of the alkaline activator were examined
to evaluate the effects of NaOH concentration, the NaOH content and the Na2SiO3 content on
the compressive strength of the FBGM.

3.3 Mixing, casting and curing of the FBGM
The mixes of FBGM were prepared by mixing fly ash, sand and alkaline activator in different
proportions. These mixes were divided according to the fly ash source into five groups which
are ER, MP, BW, GL and CL. Each group contained 36 mixes as shown in Table 3.3. In total,
180 mixes of the FBGM were conducted.
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The FBGM mixes were labelled according to the fly ash source, the weight ratio of total
alkaline activator to the weight of fly ash content (AL/FA), Na2SiO3/NaOH ratio and the
concentration of the NaOH. The fly ash sources (FA) were designated as ER, MP, BW, GL
and CL corresponding to the fly ashes Eraring, Mt-Piper, Bayswater, Gladstone and Collie,
respectively. The ratio of AL/FA was expressed by the values of 0.4, 0.5, 0.6 and 0.7
according to the range of the AL/FA investigated in this study. The ratio of Na2SiO3/NaOH
was expressed by the letter R followed by the ratios (1.5, 2.0 and 2.5). Finally, the
concentration of the NaOH was identified by letter C followed by the concentrations 12, 14
and 16 mole/L. For example, Mix ER0.5R2.5C14 refers to the FBGM mixed with fly ash
from the Eraring power station, AL/FA ratio of 0.5, the Na2SiO3/NaOH ratio of 2.5 and the
NaOH concentration of 14 mole/L. The weight ratio of fly ash to sand was fixed at 1:2.75
according to ASTM-C109/C109M (2016).
The mixing procedure used in this study included dry mixing of the fly ash and the sand for
two minutes using a five-litre mixer. Then, the alkaline activator solution was added to the
mixture and mixed for further three minutes. The mixture was poured into Polyvinyl Chloride
(PVC) cylindrical moulds of 50 mm diameter and 100 mm height. The specimens were kept
at ambient temperature for 24 hours as proposed Hardjito and Rangan (2005) and Vora and
Dave (2013). Afterwards, the specimens were cured in an oven at 70o C for another 24 hours
as recommended by Temuujin et al. (2010); Gunasekara et al. (2014); Helmy (2016); Soutsos
et al. (2016). Finally, the specimens were de-moulded and kept at room temperature until
being tested at 7 days.
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Table 3.3 Details of the typical mix proportion of the geopolymer mortar
Na2SiO3/NaOH
wt. ratio

NaOH
(mole/L)

NaOH
solution
(kg/m3)

Na2SiO3b
(kg/m3)

1.5

12
14
16

83
83
83

124
124
124

2.0

12
14
16

69
69
69

139
139
139

FA4R2.5C12
FA4R2.5C14
FA4R2.5C16

2.5

12
14
16

59
59
59

149
149
149

FA5R1.5C12
FA5R1.5C14
FA5R1.5C16

1.5

12
14
16

104
104
104

155
155
155

2.0

12
14
16

87
87
87

173
173
173

FA5R2.5C12
FA5R2.5C14
FA5R2.5C16

2.5

12
14
16

74
74
74

186
186
186

FA6R1.5C12
FA6R1.5C14
FA6R1.5C16

1.5

12
14
16

120
120
120

180
180
180

2.0

12
14
16

100
100
100

200
200
200

FA6R2.5C12
FA6R2.5C14
FA6R2.5C16

2.5

12
14
16

86
86
86

216
216
216

FA7R1.5C12
FA7R1.5C14
FA7R1.5C16

1.5

12
14
16

145
145
146

217
217
217

2.0

12
14
16

121
121
121

243
243
243

2.5

12
14
16

104
104
104

260
260
260

Mix IDa.

Alkaline
activator/ fly
ash wt. ratio

FA4R1.5C12
FA4R1.5C14
FA4R1.5C16
FA4R2.0C12
FA4R2.0C14
FA4R2.0C16

FA5R2.0C12
FA5R2.0C14
FA5R2.0C16

FA6R2.0C12
FA6R2.0C14
FA6R2.0C16

FA7R2.0C12
FA7R2.0C14
FA7R2.0C16
FA7R2.5C12
FA7R2.5C14
FA7R2.5C16
a
b

0.4

0.5

0.6

0.7

The FA refers to the fly ash source that was used in this study: ER, MP, BW, GL and CL
The Na2SiO3 was in liquid form
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In addition, the effect of the fly ash characteristics on the selection of the curing temperature
was examined in this study. For this aim, 45 FBGM mixes were used to cure at temperatures
of 50o C, 70o C and 90o C for 24 hours. For each fly ash types, nine FBGM mixes were
selected based on the optimum AL/FA ratio to examine the effects of curing temperature on
the compressive strength of the FBGM. The range of the curing temperatures were selected
based on previous studies (Kovalchuk et al. 2007; Alvarez-Ayuso et al. 2008; Criado et al.
2010; Li et al. 2013; Pangdaeng et al. 2014; Nematollahi et al. 2015; Helmy 2016; Noushini
and Castel 2016; Soutsos et al. 2016). The mixing procedure in terms of mixing and pouring
is similar to that for FBGM mixes as discussed above. After the FBGM mixes were poured
into the PVC moulds, the specimens were kept at ambient temperature for 24 hours.
Afterwards, the specimens were cured in an oven to the required temperature (50o C, 70o C
and 90o C) for 24 hours.
In this study, the compressive strength of the fly ash based geopolymer mortar (FBGM) was
tested at the age of 7 days. This is because the geopolymerization of the fly ash with alkaline
activator takes place rapidly within 7 days when cured at a high temperature. According to de
Vargas et al. (2011), Li et al. (2013) and Deb et al. (2014) the geopolymer mixes achieved
70% to 80% of the compressive strength at the age of 7 days when cured at high temperatures
(> 50oC).
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3.4 Tests of the FBGM
3.4.1 Flow test
Standard mortar flow test was performed using flow table according to ASTM-C1437 (2015).
The test was performed to examine the flowability of the geopolymer mortar at different
AL/FA ratios.
3.4.2 Compressive strength
The FBGM cylindrical specimens of 50 mm diameter and 100 mm height were tested for
compressive strength according to AS1012.9 (2014) at the age of 7 days. The average
compressive strength of three specimens was reported for each mix. The compressive strength
was obtained using the W&T Avery Testing Machine with a loading capacity of 1800 kN.
The test was performed in the High-bay laboratory, School of Civil, Mining and
Environmental Engineering, University of Wollongong, Australia.

3.5 Results and Discussion
3.5.1 Effect of the fly ash characteristics on the compressive strength of the FBGM
In this section, the relationship between the fly ash characteristics and the compressive
strength of the FBGM was analysed to determine the controlling factors that have a
significant effect on the compressive strength of the FBGM. For this aim, correlations
between fly ash characteristics including SiO2 content, the particle size distribution, Al2O3
ratio, CaO content and Na2O content, and the compressive strength of the resulted FBGM
were conducted. In this section, the amorphous part of the SiO2 and Al2O3 of the fly ash were
used in expressing the effects of the SiO2 and Al2O3 on the compressive strength of FBGM
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3.5.1.1 Effect of the amorphous SiO2 of the fly ash on the compressive strength of the
FBGM
The compressive strength of the FBGM was correlated to the amorphous SiO2 content of the
fly ashes that were used in the FBGM mixes. Figure 3.2 shows that the compressive strength
of the FBGM increased with decreasing the percentage of the amorphous SiO2 in the fly ash.
For FBGM that were mixed with GL fly ash (amorphous SiO2 content = 42%), the average
compressive strength was 50 MPa; while it was 17 MPa for the FBGM that were mixed with
BW fly ash (amorphous SiO2 content = 68%). The average compressive strength of the
FBGM that were mixed with CL, ER and MP fly ashes were 39 MPa, 19 MPa and 21 MPa,
respectively.

Figure 3.2 Compressive strength of the fly ash based geopolymer mortar at different fly ash
characteristics
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The results show a significant correlation between the amorphous SiO2 content of the fly ash
and the compressive strength of the FBGM. This means that the amorphous SiO2 content of
fly ash is one of the dominating factors that affect the compressive strength of the FBGM.

3.5.1.2 Effect of the median particle size of the fly ash on the compressive strength of the
FBGM
The fly ash with a high percentage of fine particle size has been recognized as promoting the
compressive strength of the geopolymers (Kumar et al. 2007; Kumar and Kumar 2011;
Soutsos et al. 2016). For most studies, the fineness modulus is commonly used to express the
particle size distribution. However, in this study, the median particle size of the fly ash was
used in expressing the particle size distribution. The use of median particle size was due to the
significant variance in the median particle size that was observed between the fly ashes
compared to the variance in the fineness modulus, as shown in Figure 3.1. For example, the
variance in the fineness modulus between BW and CL was about 6%, while the difference in
the median particle size was 52%. Thus, the use of median particle size gave a realistic
expression to the particle size distribution of the fly ash.
Correlations between the median particle size, the fineness modulus and compressive strength
were conducted as shown in Figures 3.3 and 3.4, respectively. The compressive strength of
the FBGM increased significantly with decreasing the median particle size of the fly ash as
shown in Figure 3.3. However, the median particle size of the BW fly ash was 15 µm, the
average of the compressive strength was significantly lower than that for the FBGM mixes
with ER (24 µm) and MP (20 µm) as shown in Figure 3.3. This reduction in the compressive
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strength could be referred to the high amorphous SiO2 content in the BW fly ash (68%)
compared to the amorphous SiO2 content in ER (57%) and MP (65%) fly ashes.
On the other hand, the results of the correlation between the fineness modulus and the
compressive strength showed that the highest compressive strength was achieved at the
highest fineness modules (89%). However, a small variance in the fineness modulus between
CL and BW fly ashes (about 1%) resulted in a significant reduction in the compressive
strength of the FBGM (55%) as shown in Figure 3.4. Thus, the use of median particle size
gave a realistic expression to the particle size distribution of the fly ash.
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Figure 3.3 Compressive strength of the fly ash based geopolymer mortar at different
median particle size

58

70
Eraring fly ash mixes
Mt-Piper fly ash mixes

Compressive strength (MPa)

60

Bayswater fly ash mixes
Gladstone fly ash mixes

50

Collie fly ash mixes

40
30
20
10
0
65

70

75

80

85

90

95

Fineness modulus

Figure 3.4 Compressive strength of the fly ash based geopolymer mortar at different
fineness modulus

3.5.1.3 Effect of amorphous Al2O3 of the fly ash on the compressive strength of the
FBGM
The compressive strength of the FBGM was correlated to the amorphous Al2O3 content of the
fly ashes that were used in the FBGM mixes. Figure 3.2 shows that the compressive strength
of the FBGM fluctuated with increasing the amorphous Al2O3 content in the fly ash. For
example, the amorphous Al2O3 content of ER and GL fly ashes were 22% and 22.4%,
respectively, however, the average compressive strength of the GL mixes was 63% higher
than ER mixes. On the other hand, increasing the amorphous Al2O3 content in the fly ash
from 22.4% to 26.8% exhibited a reduction in the average compressive strength of the FBGM
by 22%. As a result, increasing the amorphous Al2O3 content in the fly ash does not show a
clear correlation with the corresponding compressive strength of the FBGM.
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3.5.1.4 Effect of the CaO of the fly ash on the compressive strength of the FBGM
The CaO content has been stated as a significant factor influencing the compressive strength of
geopolymers. Increasing the content of CaO in fly ash promotes the compressive strength of
geopolymers (Jaarsveld et al. 2003). The compressive strength of the FBGM versus the CaO
content of the fly ashes was plotted in Figure 3.2. The results show that the highest CaO content
(5.4%) displayed the highest compressive strength of the FBGM (67 MPa). However, the use of
fly ash with CaO content of 0.9% (CL fly ash), the compressive strength of the FBGM was 40%
higher than the FBGM that was mixed with fly ash has the CaO content of 2.3% (ER fly ash).
Similarly, at CaO content of 0.38% (MP fly ash), the compressive strength of the FBGM was 26%
higher than the FBGM that was mixed with fly ash has a CaO content of 0.62% (BW fly ash).
Overall, the results show that there has not shown a direct relationship between the CaO content
and compressive strength of the FBGM.
Similarly, increasing the amorphous Na2O content in the fly ash does not show a clear

relationship with the corresponding compressive strength of the FBGM as shown in Figure
3.2.

3.5.1.5 Effect of the SiO2/Al2O3 ratio of the fly ash on the compressive strength of the
FBGM
In this study, a correlation between the molar ratio of SiO2/Al2O3 and the compressive
strength of the FBGM that were mixed with ER, MP, BW, GL and CL fly ashes were
conducted as shown in Figure 3.5. The SiO2/Al2O3 ratio of ER, MP, BW, GL and CL fly
ashes were 4.1, 4.4, 8.6, 2.8 and 2.6, respectively.
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Figure 3.5 Compressive strength of the fly ash based geopolymer mortar at different
SiO2/Al2O3 ratio

The results show that a small increase in the SiO2/Al2O3 ratio from 2.6 to 2.8 (GL and CL fly
ashes, respectively) resulted in increasing the compressive strength of the FBGM by 14%.
However, the increase of the SiO2/Al2O3 ratio from 4.1 to 4.4 (ER and MP fly ashes,
respectively) resulted in increasing the compressive strength of the FBGM by 3%.
Consequently, the SiO2/Al2O3 ratio of the fly ash has not shown a clear influence on the
compressive strength of the FBGM which is in line with findings that were reported by
Gunasekara et al. (2014).
As a result, the correlation between the compressive strength of the FBGM and other fly ash
components (i.e. amorphous Al2O3, CaO and Na2O) is unclear; the increase of one of these
components did not necessarily lead to the increase (or decrease) of the compressive strength.
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This observation may be attributed to the effect of median particles size and amorphous SiO2
content in the fly ash, which affected the chemical reactivity of amorphous Al2O3 content,
CaO and Na2O in the fly ash with an alkaline activator, and consequently the compressive
strength of the FBGM.

3.5.2 Effect of the alkaline activator components on the compressive strength of the
FBGM
3.5.2.1 Effect of AL/FA ratio on the compressive strength of the FBGM
The effect of AL/FA ratios on the compressive strength of the FBGM are presented in Figures
3.6 to 3.10. The AL/FA ratios represent the total weight of the alkali liquids (NaOH and
Na2SiO3) to the weight of the fly ash. The results showed that the fly ash characteristics affect
the optimum AL/FA required to develop a high compressive strength. The compressive
strength of the FBGM that were mixed with ER, MP and BW fly ashes exhibited a high
compressive strength when using AL/FA of 0.6 regardless of the Na2SiO3/NaOH ratio and the
NaOH concentration, as shown in Figures 3.7, 3.8 and 3.9. On the other hand, the highest
compressive strength of the FBGM that were mixed with GL and CL fly ashes were achieved
at the AL/FA of 0.5, as shown in Figures 3.9 and 3.10, respectively.
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Figure 3.6 Effect of AL/FA ratio on the compressive strength of geopolymer mortar
mixed with ER fly ash at different Na2SiO3/NaOH ratio and NaOH concentration

Figure 3.7 Effect of AL/FA ratio on the compressive strength of geopolymer mortar
mixed with MP fly ash at different Na2SiO3/NaOH ratio and NaOH concentration
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Figure 3.8 Effect of AL/FA ratio on the compressive strength of geopolymer
mortar mixed with BW fly ash at different Na2SiO3/NaOH ratio and NaOH
concentration

Figure 3.9 Effect of AL/FA ratio on the compressive strength of geopolymer mortar
mixed with GL fly ash at different Na2SiO3/NaOH ratio and NaOH concentration
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Figure 3.10 Effect of AL/FA ratio on the compressive strength of geopolymer mortar
mixed with CL fly ash at different Na2SiO3/NaOH ratio and NaOH concentration

It is evident from the results that each fly ash has an optimum AL/FA ratio to achieve the
highest compressive strength. This variance in the optimum AL/FA ratio used in activating
the different fly ash sources might be attributed to the difference in the particle size
distribution of the fly ash. This is because using fly ash with a high percentage of fine particle
results in a significant reduction in the friction that induces between the particles of the
geopolymer mix. This reduction in the friction leads to reducing the amount of the total liquid
required for blending the geopolymer mix. Also, fly ash with finer particles provides a better
coverage to aggregate particles that result in forming a dense interfacial transition zone at the
surface of the aggregate and consequently high binding strength (Lee and Van Deventer
2004). This is true when comparing the median particle size of the fly ashes used in this study
and the optimum AL/FA ratio. Mixes that were mixed with GL and CL fly ashes required
lower AL/FA ratio than mixes that were mixed with ER, MP and BW fly ashes. As a result,
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each type of fly ash has an optimum AL/FA ratio related to particle size distribution of the fly
ash.
In addition, the results show that using an AL/AF ratio lower than the optimum value leads to
a considerable reduction in the compressive strength of the FBGM. The decrease in the
compressive strength may be attributed to the insufficient amount of the alkaline activator that
was required to dissolve the fly ash particles. Consequently, a weak FBGM with nonhomogeneous structure is likely to be formed due to the presence of unreacted fly ash
particles. In contrast, the use of AL/FA higher than the optimum value has an adverse impact
on the compressive strength of the geopolymer mortar. The reduction in the compressive
strength may be justified by the excessive amount of the alkaline activator that leads to inhibit
the geopolymerization process.
In addition, increasing the amount of liquids (i.e., NaOH, Na2SiO3 and water) in the
geopolymer mix results in a significant increase in the porosity of the matrix which in turn
declines the compressive strength of the geopolymer mix (Leong et al. 2016). Thus, the use of
a high AL/AF ratio (over the optimum value) in geopolymer mix results in a significant
reduction in the compressive strength of the FBGM.

3.5.2.2 Effect of the Na2SiO3/NaOH ratio on the compressive strength of the FBGM
The effect of the Na2SiO3/NaOH ratio on the compressive strength of the FBGM is also
presented in the Figures 3.6 to 3.10. A significant increase in the compressive strength of
concrete for mixes made with fly ashes ER, MP and BW was observed when the
Na2SiO3/NaOH ratio increased from 1.5 to 2.5 as shown in Figures 3.6, 3.7 and 3.8. The
increase in the compressive strength of FBGM due to the increase of the Na2SiO3/NaOH ratio
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from 1.5 to 2.5 was 51%, 47% and 53% for FBGM mixes that were mixed with ER, MP and
BW fly ashes, respectively.
In contrast, increasing the Na2SiO3/NaOH ratio for FBGM mixes that were mixed with GL
and CL fly ashes resulted in a reduction in the compressive strength of the specimens, as
shown in Figures 3.9 and 3.10. The maximum decrease in the compressive strength of FBGM
mixes that were mixed with GL and CL fly ashes were 32% and 27.5%, respectively.
The variation in the effect of the Na2SiO3/NaOH ratio on the compressive strength of the
FBGM may be attributed to the distribution of the main oxides in the fly ash (see Table 3.1).
The chemical equilibrium between SiO2 and Al2O3 in the fly ash controls the
geopolymerization reaction with the alkaline activator in the geopolymer matrix (FernándezJiménez et al. 2006). The Na2SiO3/NaOH ratio controls the amount of SiO2 and Al2O3
liberated from fly ash in the geopolymer matrix (Bakri et al. 2013). Thus, adding more silicon
(Si4+) and sodium (Na+) ions liberated from the Na2SiO3 in the matrix may congest the matrix
with free ions that inhibit the geopolymerization (Duxson et al. 2007; Joseph and Mathew
2012; Leong et al. 2016). This is true when increasing the Na2SiO3/NaOH ratio in the alkaline
activator used for GL and CL mixes. On the other hand, reducing the Si 4+ and Na+ affect
adversely the formation of the coherent structure that consequently reduces developing the
compressive strength (Leong et al. 2016). This behaviour was observed in FBGM mixes that
used ER, MP and BW fly ashes where the compressive strength decreased with decreasing the
Na2SiO3/NaOH ratio. As a result, the characteristics of the fly ash dominate the optimal
proportion of the Na2SiO3/NaOH ratio in the alkaline activator.

67

3.5.2.3 Effect of the NaOH concentration on the compressive strength of the FBGM
The effect of the NaOH concentration on the compressive strength of the FBGM is also
presented in Figures 3.6 to 3.10. The results show that the FBGM mixes that were mixed with
ER, MP and BW fly ashes exhibited higher compressive strength when the concentration of
the NaOH solution increased from 12 to 16 mole/L (Figures 3.7, 3.8 and 3.9). The increase in
the compressive strength was 50%, 54% and 52% for FBGM mixes that were mixed with ER,
MP and BW fly ashes, respectively.
In contrast, increasing the concentration of the NaOH from 12 to 16 mole/L resulted in a
significant reduction in developing the compressive strength of FBGM mixes that were mixed
with GL and CL fly ashes (Figures 3.9 and 3.10). The reduction in the compressive strength
was 29.2% and 27.5% for FBGM mixes that were mixed with GL and CL fly ashes,
respectively.
This variance in the effect of the NaOH concentration on the compressive strength of the
FBGM is possibly due to the differences in the nature and types of the molecules forming the
fly ash particles. These differences in the types of the molecules affect the extent of leaching
the SiO2, Al2O3, CaO and Fe2O3 in the alkaline activator where the leaching of the SiO2 is
slower than the other components (Marjanović et al. 2014). According to Fernández-Jiménez
and Palomo (2005), the concentration of the NaOH is responsible for breaking down the
bonds of the main oxides. Thus, fly ash with the higher SiO2 content (BW for example)
requires a higher concentration of NaOH to release the SiO2 and the other oxides from the fly
ash particles to initiate the geopolymerization. The use of a high concentration of the NaOH,
however, led to a minor increase in the extent of compressive strength of the FBGM of the
mixes that were mixed with ER, MP and BW fly ashes. This limitation in the range of
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developing the compressive strength of mixes that were mixed with ER, MP and BW fly
ashes may attribute to the large particle size of those fly ashes, as shown in Table 3.1 and
Figure 3.1. The presence of coarser particles in fly ash reduces the surface area that is exposed
to the alkaline activator (Kumar et al. 2015). This means that low chemical reaction and
partial dissolving on the surface of the coarse particles may occur. As a result, these unreacted
particles will exhibit as a weak point between the geopolymer matrix that consequently
reduces the compressive strength of the geopolymer specimens.

3.5.3 Effect of curing temperature on the compressive strength of the FBGM
Curing temperature has a significant effect on the geopolymerization of the fly ash with the
alkaline activator that consequently affects the compressive strength of the resulted
geopolymer (Kovalchuk et al. 2007; Criado et al. 2010). In this study, the effects of fly ash
characteristics (SiO2 content and particle size) and the alkaline activator on the optimum
curing temperature were evaluated at temperatures of 50o C, 70o C and 90o C for a period of 24
hours.

3.5.3.1 Effect of the fly ash source on the optimum curing temperature of the FBGM
The effect of curing temperature on the compressive strength of the FBGM using different fly
ash sources are illustrated in Figure 3.11. It was found that the highest compressive strength
of the FBGM mixes that were mixed with ER, MP and BW fly ashes was achieved at curing
temperature of 90o C. The compressive strength FBGM mixes that were mixed with ER, MP
and BW fly ashes increased 47%, 36% and 42%, respectively when the curing temperature
rose from 50o C to 90o C.
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On the other hand, the highest compressive strength of FBGM mixes that were mixed with
GL and CL was achieved at curing temperature of 70o C. The compressive strength of the
FBGM that were mixed with GL and CL fly ashes increased by 28% and 25%, respectively
due to increase of the curing temperature from 50o C to 70o C. However, the increase of the
curing temperature from 70o C to 90o C exhibited an adverse effect on developing the
compressive strength of the FBGM that used GL and CL fly ashes as shown in Figure 3.11.
The reduction in the compressive strength of the FBGM that were mixed with GL and CL fly
ashes reached 15% and 10%, respectively when the curing temperature increased from 70o C
to 90o C.

Figure 3.11 Effect of curing temperature on the compressive strength of the FBGM
that used different fly ashes
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It is clear that increasing the curing temperature has a different effect on the extent of the
compressive strength of the FBGM that were mixed with different fly ashes. This may be
attributed to the differences in the reactivity of different fly ashes with alkaline activator.
To examine the effects of fly ash characteristics on selecting the curing temperature,
correlations between SiO2 content, the median particle size of the fly ash and the compressive
strength of the FBGM were conducted as follows:

3.5.3.2 Effect of the SiO2 content of the fly ash on the optimum curing temperature of
the FBGM
A correlation between the SiO2 content of the fly ash and the compressive strength of the
FBGM at different curing temperature is shown in Figure 3.12. The results showed that the
SiO2 in the fly ash influenced the response of the compressive strength of FBGM to the
increase of the curing temperature. Increasing the SiO2 in fly ash leads to increase the
sensitivity of the FBGM to the increase of the curing temperature to achieve a high
compressive strength. This is true when comparing the increase of the compressive strength of
the FBGM that were mixed with BW and GL fly ashes due to increasing the curing
temperature to the optimum value. For the FBGM mixes that used BW fly ash, the maximum
increase in the compressive strength reached 58%, while for the FBGM that used GL fly ash it
was 28%. This means that fly ash with higher SiO2 content required higher temperature
(consume higher energy) to increase the geopolymerization rate.
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Figure 3.12 Developing rate of the compressive strength of the FBGM at different
SiO2 content
The leaching of the SiO2 is slower than other components such as Al2O3 (Marjanović et al.
2014). The increase of the curing temperature stimulates the geopolymerization between fly
ash and an alkaline activator (Criado et al. 2010). Thus, increasing curing temperature
promote the FBGM with a high SiO2 content to develop higher compressive strength.
However, increasing the curing temperature of the FBGM that were mixed with the fly ash of
a low SiO2 content may accelerate the depletion of the SiO2 at early stages of
geopolymerization. The depilation of reactive components (i.e., SiO2 and Al2O3) of the fly ash
during the geopolymerization results in the formation of geopolymer gel with a weak
microstructure (Fernández-Jiménez et al. 2006).
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3.5.3.3 Effect of the median particle size of the fly ash on the optimum curing
temperature of the FBGM
The particle size distribution of the fly ash affects significantly the geopolymerization of the
fly ash with an alkaline activator (Kumar et al. 2007; Nikolić et al. 2015). Since the curing
temperature stimulates the geopolymerization, the particle size distribution of the fly ash
affects the response of the geopolymer to the increase of the curing temperature. Therefore, a
correlation between the median particle size and the compressive strength of the FBGM at
different curing temperature was conducted as shown in Figure 3.13.
The results show that increasing the median particle size of the fly ash reduced the efficiency
of curing temperature to increase the compressive strength of the FBGM. The increase of the
compressive strength of the FBGM that were mixed with the fly ash of 15 µm was
significantly higher than that of 20 µm. However, the maximum increase in the compressive
strength of the FBGM was 47% that recorded at the median particle size of 24 µm.
The Al2O3 and CaO of the fly ash have not shown a clear effect on selecting the optimum
curing temperature of the FBGM as it was observed in the SiO2 and the median particle size.
As a result, fly ash characteristics particularly SiO2 content and the median particle size affect
significantly the increase of compressive strength of the FBGM due to an increase in the
curing temperature.
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Figure 3.13 Developing rate of the compressive strength of the FBGM at different
median particle size

3.5.3.4 Effect of alkaline activator on the optimum curing temperature of the FBGM
The curing temperature stimulates the effect of the alkaline activator on the compressive
strength of the FBGM (Soutsos et al. 2016). For this aim, the relationship between the dosage
of alkaline activator in terms Na2SiO3/NaOH ratio and NaOH concentration and the optimum
curing temperature of the FBGM were analysed.

3.5.3.4.1 Effect of Na2SiO3/NaOH ratio on the optimum curing temperature of the of the
FBGM
The effect of the Na2SiO3/NaOH ratio on the compressive strength of the FBGM at different
curing temperatures is shown in Figures 3.14 to 3.18. It was found that the highest increase in
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the compressive strength of the FBGM due to increasing the curing temperature was
correlated to the optimum Na2SiO3/NaOH ratio. The maximum increase in the compressive
strength of the FBGM that were mixed with ER, MP and BW fly ashes were 48%, 56% and
58%, respectively when the curing temperature increased from 50o C to 90o C as shown in
Figures 3.14, 3.15 and 3.16.
On the other hand, the optimum curing temperature of the FBGM mixes with GL and CL fly
ashes was 70o C that was recorded at the optimum Na2SiO3/NaOH ratio of 1.5. The increase in
the compressive strength of the FBGM that were mixed with GL and CL reached 28% and
43%, respectively as shown in Figures 3.17 and 3.18. However, a considerable drop in the
compressive strength of the FBGM mixes with GL and CL fly ashes were observed
corresponding to the increase of the curing temperature from 70o C to 90o C. The reduction in
the compressive strength reached to 15% and 10% for FBGM mixes with GL and CL fly
ashes, respectively.
It is clear that the increase of the curing temperature boosts the effect of the optimum
Na2SiO3/NaOH ratio on the compressive strength of the FBGM. Increasing the curing
temperature accelerates the geopolymerization between the fly ash and the alkaline activator
(Kovalchuk et al. 2007). Thus, fly ashes with the lower extent of compressive strength (i.e.,
ER, MP and BW) have lower dissolving rate with alkaline activator even at a high curing
temperature (≥ 50oC). Therefore, stronger alkaline activator (with higher Na2SiO3/NaOH
ratio) and higher curing temperature are required to increase the dissolving rate and yielding
the dense microstructure of geopolymer.
In contrast, fly ashes with the higher extent of compressive strength (i.e. GL and CL) have
higher dissolving rate with alkaline activator even at a low curing temperature (50o C).
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Consequently, the use of stronger alkaline activator and high curing temperature (> 70o C)
results in excessively liberating ions (Si4+, Al+3 and Na+ ) in the geopolymer matrix that may
congest the matrix with free ions that inhibit the geopolymerization (Duxson et al. 2007;
Joseph and Mathew 2012; Leong et al. 2016).

Figure 3.14 Effect of the Na2SiO3/NaOH ratio on the optimum curing temperature
of the FBGM that used ER fly ash

76

Figure 3.15 Effect of the Na2SiO3/NaOH ratio on the optimum curing temperature
of the FBGM that used MP fly ash

Figure 3.16 Effect of the Na2SiO3/NaOH ratio on the optimum curing temperature
of the FBGM that used BW fly ash
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Figure 3.17 Effect of the Na2SiO3/NaOH ratio on the optimum curing temperature
of the FBGM that used GL fly ash

Figure 3.18 Effect of the Na2SiO3/NaOH ratio on the optimum curing
temperature of the FBGM that used CL fly ash
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3.5.3.4.2 Effect of NaOH concentration on the optimum curing temperature of the
FBGM
The effect of the curing temperature on developing the compressive strength of FBGM was
also found to have a correlation with the concentration of the NaOH that was used in the
alkaline activator. The effect of the NaOH concentration on the compressive strength of the
FBGM at different curing temperatures is shown in Figures 3.19 to 3.23. It was found that the
increase of the curing temperature stimulated significantly the effect of the NaOH
concentration on the compressive strength of the FBGM. However, the highest increase in the
compressive strength of the FBGM due to increasing the curing temperature was correlated to
the lowest NaOH concentration. For all FBGM mixes, the maximum increase in the
compressive strength was recorded at NaOH concentration of 12 mole/L.

Figure 3.19 Effect of the NaOH concentration on the optimum curing
temperature of the FBGM that used ER fly ash
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Figure 3.20 Effect of the NaOH concentration on the optimum curing
temperature of the FBGM that used MP fly ash

Figure 3.21 Effect of the NaOH concentration on the optimum curing
temperature of the FBGM that used BW fly ash
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Figure 3.22 Effect of the NaOH concentration on the optimum curing temperature
of the FBGM that used GL fly ash

Figure 3.23 Effect of the NaOH concentration on the optimum curing
temperature of the FBGM that used CL fly ash
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These results may be explained by the effect of the NaOH concentration on controlling the
dissolving rate of the fly ash particles and the water content in geopolymer mix (Kovalchuk et
al. 2007). The geopolymerization involves withdrawing water from the alkaline activator at
early stages of the reaction between the fly ash and the alkaline activator (Provis et al. 2005;
Provis and van Deventer 2007; Provis et al. 2012). As discussed above, the increase of the
curing temperature accelerates the geopolymerization between the fly ash and alkaline
activator. Therefore using an alkaline activator with a high concentration of the NaOH may
result in a shortage in the water content that is required for the geopolymerization especially
at a high curing temperature (≥ 70o C). As a result, the developing rate of the compressive
strength is influenced by the relationship between the NaOH concentration and the curing
temperature.

3.6 Summary
Different mixes of the fly ash-based geopolymer mortar were produced in this study from five
Australian fly ashes. Overall the data shows that a number of interrelated factors impact the
compressive strength of the FBGM as follows:
1. The compressive strength of the FBGM, in this study, was in the range 7.0 MPa to 67
MPa.
2. The use of fly ashes from different sources exhibited different chemical reaction with
alkaline activator.
3. The amorphous SiO2 content determines the reactivity of fly ash with alkaline activator
and shows a significant correlation with a compressive strength of the FBGM.
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4. The particle size distribution affects the extent of developing the compressive strength for
the fly ashes with similar chemical composition.
5. The content of amorphous Al2O3, CaO and Na2O3 did not display a direct correlation with
the compressive strength of FBGM.
6. Fly ashes with a lower content of SiO2 (< 62%) required lower NaOH concentration and
Na2SiO3 content, and higher NaOH content to achieve the optimum compressive strength.
In contrast, the optimum compressive strength of the FBGM that used fly ash with higher
SiO2 (> 62%) required higher NaOH concentration and Na2SiO3 content, but lower NaOH
content.
7. Increasing the curing temperature of the FBGM has a significant influence on stimulating
the compressive strength of the FBGM.
8. The fly ash with a high SiO2 content and median particle size required a higher curing
temperature than the fly ash with a low SiO2 content and median particle size to achieve a
high compressive strength.
9. Increasing the curing temperature over 50o C increased the effect of the alkaline activator
on dissolving fly ash particles.
10. The effect of the optimum Na2SiO3/NaOH on the compressive strength of the FBGM
increased with increasing the curing temperature.
11. The effectiveness of increasing the curing temperature on increasing the compressive
strength of the FBGM was found highly correlated to the NaOH concentration of 12
mole/L.
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The next chapter presents the parameters that affect the mechanical properties of the fly ash
based geopolymer concrete including fly ash content, water content and alkaline activator
content.
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CHAPTER 4 FACTORS AFFECTING THE PROPERTIES OF THE FLY
ASH BASED GEOPOLYMER CONCRETE
4.1 Overview
This chapter presents the factors that affect the properties of the fly ash based geopolymer
concrete (FBGC). The effects of factors including fly ash characteristics, fly ash content and
the proportion of the alkaline activator on the properties of the FBGC were examined. The
details of materials, mixing, casting, and testing procedures were discussed in this chapter.
The test results of the experimental work were evaluated and discussed. The relationships
between the different properties of the FBGC were also evaluated.

4.2 Materials
4.2.1 Fly ash
Five different types of fly ash from Eraring (ER), Mt Piper (MP), Bayswater (BW), Gladstone
(GL), and Collie (CL) power stations were used in this study. All these fly ashes are Type F.
The details of the fly ashes used in the FBGC were described in Chapter three (Section 3.2.1).

4.2.2 Alkaline activator
The alkaline activator used in this study was composed of different proportions of NaOH and
Na2SiO3.The properties of the NaOH and Na2SiO3 were illustrated in details in Chapter three
(Section 3.2.2).
The optimum concentration of the NaOH and the weight ratio of the alkaline activator to the
fly ash content (AL/FA) for each fly ash source were determined based on the highest
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compressive strength that obtained from fly ash based geopolymer mortar (FBGM) (see
details in Chapter three, Section 3.2.2). The results indicated that the optimum concentration
of NaOH and optimum AL/FA for FBGC that were mixed with ER, MP and BW fly ashes
were 16 mole/L and 0.6, respectively. The optimum NaOH concentration and optimum
AL/FA for FBGC that were mixed with GL and CL fly ashes were 12 mole/L and 0.5,
respectively.
The effects of using an alkaline activator with different dosage of Na2SiO3 and NaOH on the
properties of the FBGC were investigated. For this aim, the Na2SiO3 and the NaOH were
blended into three Na2SiO3/NaOH weight ratios which are 1.5, 2.0 and 2.5. These ranges of
the Na2SiO3/NaOH ratios were used previously in several studies (Nuruddin et al. 2011;
Joseph and Mathew 2012; Olivia and Nikraz 2012; Sarker et al. 2013; Albitar et al. 2014; Deb
et al. 2014; Assi et al. 2016).

4.2.3 Aggregate
Coarse aggregate with a maximum size of 14 mm and a specific gravity of 2.60 was used in
the FBGC mixes. Fine aggregate (< 4.75 mm) with a specific gravity of 2.65 was also used in
the FBGC mixes. Both coarse and fine aggregates were used in the saturated surface-dry
(SSD) condition.

4.3 Mixing, casting and curing of the FBGC
In this study, the FBGC mixes were prepared by mixing fly ashes (Type F), alkaline
activators (mix of NaOH and Na2SiO3), water, fine aggregate and coarse aggregate in
different mix proportions. These mixes were divided into five groups according to the source
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of fly ash, which are ER, MP, BW, GL and CL. Nine mixes of FBGC were prepared for each
group. Fly ash in the FBGC groups was blended with Na2SiO3/NaOH ratios of 1.5, 2.0, and
2.5; the FBGC mixes in each group were mixed with 300, 400, and 500 kg/m3 of fly ash. The
maximum reduction in the total volume of aggregate due to increasing the fly ash content
from 300 to 500 kg/m3 was 24%. The water was used to control the workability (slump) of the
FBGC mixes. The fine and coarse aggregates were selected based on the method prescribed in
ACI-211.1 (2009) for normal concrete as suggested by Junaid et al. (2015). The details of the
FBGC mixes are listed in Table 4.1.
The fly ash and aggregate were mixed dry for three minutes, and then the pre-mixed alkaline
activator was added and blended for another four minutes. Water was added to the
geopolymer concrete mixes to maintain a slump between 80 to 100 mm, after which the mixes
were poured into moulds and compacted by a vibrating table. These specimens were kept at
ambient temperature for 24 hours as proposed by Hardjito and Rangan (2005) and Vora and
Dave (2013), and then cured in an oven at 70o C for 24 hours as recommended by Temuujin et
al. (2010); Gunasekara et al. (2014); Helmy (2016); Soutsos et al. (2016). During heat curing,
the specimens were covered with plastic to prevent loss of moisture; they were then taken out
of the moulds and kept at room temperature for 7 days before being tested.
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Table 4.1 Details of mix proportion and results of the fly ash based geopolymer concrete
Fly ash
Mix ID

Fly ash
type

ER300R1.5
ER300R2.0
ER300R2.5
ER400R1.5
ER400R2.0
ER400R2.5

Eraring
(ER)

ER500R1.5
ER500R2.0
ER500R2.5
MP300R1.5
MP300R2.0
MP300R2.5
MP400R1.5
MP400R2.0
MP400R2.5

CL500R1.5
CL500R2.0
CL500R2.5

300

1.5
2.0
2.5

627
628
629

1333
1335
1336

14.5
14.0
14.0

400

1.5
2.0
2.5

554
555
556

1177
1179
1181

10.0
10.0
9.5

1.5
2.0
2.5
1.5
2.0
2.5

480
482
483
622
623
623

1020
1023
1026
1321
1323
1324

6.5
6.0
5.7
12.7
12.2
12.0

1.5
2.0
2.5

546
548
548

1161
1164
1165

9.5
9.5
9.2

1.5
2.0
2.5
1.5
2.0
2.5

471
475
475
627
628
629

1000
1005
1005
1333
1335
1336

7.0
6.7
6.7
16.5
16.2
16.2

1.5
2.0
2.5

554
555
556

1177
1179
1181

13.7
13.0
13.0

1.5
2.0
2.5
1.5
2.0
2.5

480
482
483
622
623
623

1020
1023
1026
1321
1323
1324

10.0
9.5
9.2
11.0
10.5
10.2

1.5
2.0
2.5

546
548
548

1161
1164
1165

9.5
8.0
7.7

1.5
2.0
2.5
1.5
2.0
2.5

471
475
475
663
663
664

1000
1005
1005
1408
1410
1411

6.5
5.7
4.8
12.3
11.5
11.5

400

1.5
2.0
2.5

601
602
602

1277
1279
1280

9.0
9.0
9.0

500

1.5
2.0
2.5

539
540
541

1145
1148
1150

7.0
7.0
7.0

400

400

500

300
Gladsto
ne
(GL)

GL500R1.5
GL500R2.0
GL500R2.5
CL300R1.5
CL300R2.0
CL300R2.5
CL400R1.5
CL400R2.0
CL400R2.5

Coarse
(kg/m3)

300

BW500R1.5
BW500R2.0
BW500R2.5
GL300R1.5
GL300R2.0
GL300R2.5
GL400R1.5
GL400R2.0
GL400R2.5

Fine
(kg/m3)

500

Bayswa
ter
(BW)

400

500

300

Collie
(CL)

Water
(kg/m3)

Na2SiO3/NaOH
wt. ratio

300
MtPiper
(MP)

Aggregate

Fly ash
content
(kg/m3)

500

MP500R1.5
MP500R2.0
MP500R2.5
BW300R1.5
BW300R2.0
BW300R2.5
BW400R1.5
BW400R2.0
BW400R2.5

Alkaline
activator
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The FBGC mixes were identified according to the fly ash source, fly ash content and
Na2SiO3/NaOH ratio. The sources of fly ash were labelled ER, MP, BW, GL, and CL, which
denotes the Eraring, Mt-Piper, Bayswater, Gladstone and Collie, respectively, while the
amount of fly ash was denoted by values of 300, 400 and 500. The ratio of Na2SiO3/NaOH
was expressed by the letter R, followed by the ratios (1.5, 2.0, and 2.5). For example, mix
ER500R2.5 refers to geopolymer concrete mixed with fly ash from Eraring power station,
with 500 kg/m3 of fly ash and Na2SiO3/NaOH in the ratio of 2.5.

4.4 Test procedure
4.4.1 Workability of the FBGC
The workability of the FBGC mixes was measured using a slump test according to the
Australian Standard AS1012.3.1 (2014) using a standard truncated cone. The results of the
slump test of the FBGC are shown in Table 4.2.

4.4.2 Air content test of the FBGC
The air content test for the fresh FBGC mixes was performed using pressure method
according to AS1012.4.2 (2014). This test was used to determine the percentage of air bubbles
that interrupted within the fresh FBGC mix. A standard pressure cell with calibrated pressure
meter was used to perform the test as shown in Figure 4.1. The results of the air content test
were illustrated in Table 4.2.
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Figure 4.1 Standard pressure cell with calibrated pressure meter

4.4.3 Density of the hardened FBGC
The density of the hardened FBGC specimens was determined using water displacement
method in accordance with AS1012.12.2 (2014). The test was performed on three FBGC
cylindrical specimens (100 mm diameter by 200 mm height) for each FBGC mix at the age of
7 days. The average density of three specimens was reported for each mix. The results of the
density of the hardened FBGC are summarised in Table 4.2.

4.4.4 Compressive strength and splitting tensile strength tests
The 100 mm diameter by 200 mm height FBGC specimens were tested for compressive
strength according to AS1012.9 (2014) at the age of 7 days. The average compressive strength
of three specimens was reported for each mix.
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The splitting tensile strength of FBGC was determined using the Brazil method according to
AS1012.10 (2014) at age of 7 days as shown in Figure 4.2. The average splitting tensile
strength of three specimens (100 mm diameter by 200 mm height) was reported for each mix.
In addition, the flextural strength (modulus of rupture) of the FBGC have been determined
using the a model in Eq 4.1 that was proposed by Gunasekara (2016) for the FBGC.
𝑓𝑐𝑡 = 0.62𝑓𝑐𝑓

(4.1)

where 𝑓𝑐𝑡 is the splitting tensile strength (MPa), 𝑓𝑐𝑓 is the flextural strength (MPa).

Figure 4.2 Test setup for splitting test
The compressive strength and splitting tensile strengths were obtained using a W&T Avery
Testing Machine with a loading capacity of 1800 kN. The test took place in the Highbay
laboratory, School of Civil, Mining and Environmental Engineering, University of
Wollongong, Australia. The test results of the compressive, splitting tensile strengths and
flexural strength are summarised in Table 4.2.
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Table 4.2 Summary of the test results of the FBGC
Mix ID
ER300R1.5
ER300R2.0
ER300R2.5
ER400R1.5
ER400R2.0
ER400R2.5
ER500R1.5
ER500R2.0
ER500R2.5
MP300R1.5
MP300R2.0
MP300R2.5
MP400R1.5
MP400R2.0
MP400R2.5
MP500R1.5
MP500R2.0
MP500R2.5
BW300R1.5
BW300R2.0
BW300R2.5
BW400R1.5
BW400R2.0
BW400R2.5
BW500R1.5
BW500R2.0
BW500R2.5
GL300R1.5
GL300R2.0
GL300R2.5
GL400R1.5
GL400R2.0
GL400R2.5
GL500R1.5
GL500R2.0
GL500R2.5
CL300R1.5
CL300R2.0
CL300R2.5
CL400R1.5
CL400R2.0
CL400R2.5
CL500R1.5
CL500R2.0
CL500R2.5

Slump

(mm)
92
91
91
93
93
92
94
95
94
93
89
91
95
96
94
95
92
93
88
89
88
90
91
91
93
92
92
95
94
94
98
96
97
100
99
97
91
89
92
92
93
92
98
98
98

Air
content
(%)

Average
density
(kg/m3)

6.2
6.6
7.3
5.1
5.4
5.7
4.0
4.3
4.8
5.7
6.1
6.5
5.0
5.3
5.8
4.0
4.3
4.7
5.5
5.8
6.2
5.0
5.2
5.5
3.9
4.0
4.3
5.1
5.5
5.7
3.2
3.5
3.9
2.8
3.0
3.3
5.6
6.0
6.2
4.3
4.6
5.0
3.5
3.8
4.0

2072
2050
2030
2100
2061
2042
2130
2094
2070
2090
2062
2038
2110
2088
2050
2150
2120
2092
2100
2090
2062
2130
2120
2105
2140
2122
2110
2178
2159
2140
2210
2197
2180
2261
2236
2200
2146
2125
2120
2188
2170
2145
2225
2200
2177

Average
compressive
strength
(MPa)
17.0
18.0
20.5
18.8
19.7
21.9
21.6
25.2
25.9
18.6
19.5
20.1
19.5
21.0
22.3
21.0
25.0
26 .0
16.0
17.5
19.2
18.4
19.1
20.3
20.5
21.2
23.2
45.2
39.4
34.4
58.0
46.7
42.0
64.0
62.0
52.8
30.3
27.5
26.5
35.0
30.0
28.0
43.0
41.0
36.0
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Average
splitting tensile
strength
(MPa)
1.9
2.1
2.3
2.2
2.3
2.5
2.2
2.5
2.6
2.1
2.4
2.5
2.3
2.4
2.7
2.5
2.6
2.7
1.5
1.7
1.9
1.7
1.9
2.1
2.0
2.3
2.5
3.5
3.3
3.1
4.1
3.7
3.5
5.1
5.0
4.5
2.9
2.7
2.5
3.1
3.0
2.8
3.9
3.7
3.6

Modulus
of Rupture
(MPa)
3.1
3.4
3.7
3.5
3.7
4.0
3.5
4.0
4.2
3.4
3.9
4.0
3.7
3.9
4.4
4.0
4.2
4.4
2.4
2.7
3.1
2.7
3.1
3.4
3.2
3.7
4.0
5.6
5.3
5.0
6.6
6.0
5.6
8.2
8.1
7.3
4.7
4.4
4.0
5.0
4.8
4.5
6.3
6.0
5.8

Average

UPV
(km/s)
2.70
2.68
2.63
2.78
2.77
2.74
2.88
2.86
2.82
2.75
2.72
2.69
2.86
2.84
2.80
2.94
2.90
2.88
2.58
2.56
2.55
2.65
2.62
2.60
2.76
2.73
2.70
3.64
3.57
3.51
3.95
3.91
3.85
4.08
4.05
4.00
2.99
2.93
2.82
3.21
3.05
3.03
3.45
3.33
3.23

Average
water
absorption
(%)
6.8
6.5
6.4
6.1
5.6
5.3
5.5
5.1
4.9
6.5
6.3
6.0
5.8
5.5
5.4
5.3
4.9
4.7
6.0
5.8
5.6
5.5
5.3
5.0
4.9
4.7
4.5
5.0
4.7
4.4
4.6
4.5
4.3
4.0
3.7
3.1
5.4
5.0
4.7
5.1
4.8
4.6
4.5
4.2
3.8

4.4.5 Stress-Strain relationship
The stress-strain relationship of the FBGC mixes were determined using cylindrical
specimens of 150 mm diameter and 300 mm height. The FBGC specimens were tested in
accordance with AS 1012.17 (1997) using a 5000 kN Denison compression testing machine
as shown in Figure 4.3. Five mixes of the FBGC mixes were used in this study based on the
highest compressive strength. A standard compressometer with a linear variable differential
transducer (LVDT) was used at the middle half of the specimens to measure the axial
deformation of the specimens. The compression load was applied under displacementcontrolled loads at 0.3 mm/min. The data of the axial load and the corresponding axial
deformation were recorded using an electronic data acquisition system that was connected to
the testing machine. The FBGC specimens were capped before the test with a high-strength
plaster to ensure uniform loading faces. The FBGC specimens were tested at the age of 7
days.

Figure 4.3 Stress-Strain test
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4.4.6 Ultrasonic Pulse Velocity
The ultrasonic pulse velocity (UPV) method includes transmitting ultrasonic waves in a
material while measuring the time taken for the waves to propagate between the sending and
receiving points. The UPV test is a non-destructive testing method that is utilized to
determine the quality of materials in terms of the density and elasticity of the material. The
UPV test for the FBGC specimens was performed in accordance with ASTM-C597 (2016)
using a Pundit ultrasonic tester with 54 kHz probes as shown in Figure 4.4. The test was
performed on three cylindrical specimens (100 mm diameter by 200 mm height) for each
FBGC mix at the age of 7 days. The average of 10 UPV records from different points of each
specimen was used in the analysis. The test results of the average UPV of the FBGC are
shown in Table 4.2.

Figure 4.4 Pundit ultrasonic tester
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4.4.7 Water absorption test
The water absorption test was used as a measure of the porosity (open pores) of the FBGC.
The water absorption of the FBGC was determined by calculating the percentage of the
difference between the weight of the specimen under oven-dried to the weight under fully
saturated conditions in accordance to the AS1012.21 (1999). In this study, the average of the
water absorption (immersed absorption) of three cylindrical specimens (100 mm diameter by
200 mm height) was used to determine the water absorption for each mix of the FBGC. The
test results of the average water absorption of the FBGC are shown in Table 4.2.

4.4.8 Scanning Electron Microscopy (SEM) analysis
The Scanning Electron Microscope (SEM) was performed on the crushed FBGC. Neoscope
SEM-JSM 6000 at the Nanotechnology laboratory at the School of Mechanical, Materials,
Mechatronic and Biomedical Engineering, University of Wollongong, Australia was used for
the SEM analysis. The SEM was conducted to investigate the effect of different fly ashes on
the microstructure of the FBGC. Also, the SEM was used to examine the effect of increasing
the fly ash content in the FBGC on the microstructure.

4.5 Results and discussion
4.5.1 Air content of the fresh FBGC
The results of the average air content in the fresh FBGC that were mixed with ER, MP, BW,
GL and CL fly ash are illustrated in Figure 4.5. The results show that the air content in the
fresh FBGC ranged from 3.0% to 7.3%. The highest air content in the fresh FBGC was
displayed by the FBGC that was mixed with ER fly ash where the air content ranged from
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4.0% to 7.3%. While the lowest air content in the FBGC was observed in the FBGC mixes
that were mixed with GL fly ash with a range from 5.7% to 2.8%. The highest air content in
the fresh FBGC that were mixed with MP, BW and CL fly ashes were 6.5%, 6.2% and 6.2%,
respectively.
A relationship between the air content in the fresh FBGC and the median particle size of the
fly ash was performed as shown in Figure 4.6. The results show that the air content in the
fresh FBGC increased significantly with increasing the median particle size of the fly ash. For
example, the air content in the fresh FBGC that mixed with GL fly ash (median particle size =
3 µm) was in the range 18.5% to 33.3% lower than that for the FBGC mixed with ER fly ash
(median particle size = 24 µm).

Figure 4.5 Average air content of fresh FBGC that mixed with different fly ashes
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Figure 4.6 Effect of median particle size of the fly ash on air content in the fresh FBGC

4.5.2 Density of the hardened FBGC
Figure 4.7 illustrates the results of the density of hardened FBGC that were mixed with ER,
MP, BW, GL and CL fly ashes. The results show that the density of hardened FBGC at the
age of 7 days ranged from 2030 to 2261 kg/m3. The highest density of hardened FBGC was
achieved by the FBGC that was mixed with GL fly ash where the density ranged from 2140 to
2261 kg/m3. While the lowest density of hardened FBGC was observed in the FBGC that was
mixed with ER fly ash with a range of density from 2030 to 2130 kg/m 3. The highest density
of the hardened FBGC that were mixed with MP, BW and CL fly ashes were 2140, 2152, and
2225 kg/m3, respectively.
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Figure 4.7 Density of the hardened FBGC that used different fly ashes

A relationship between the density of the FBGC and the median particle size of the fly ash
was performed as shown in Figure 4.8. The results show that the density of hardened FBGC
increased significantly with increasing the median particle size of the fly ash. For example,
the density of hardened FBGC that was mixed with GL fly ash (median particle size = 3.6
µm) was in the range 3.4% to 6.0% higher than the density of the FBGC that mixed with ER
fly ash (median particle size = 24 µm).
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Figure 4.8 Effect of median particle size of the fly ash on density of the hardened FBGC

4.5.3 Compressive strength of the FBGC
Figure 4.9 presents the results of the average compressive strength of the FBGC that were
mixed with ER, MP, BW, GL and CL fly ashes. The compressive strength of the FBGC at the
age of 7 days was in the range between 17 MPa to 64 MPa. The results reveal substantial
differences in the compressive strength of the FBGC that mixed with different fly ashes,
irrespective the fly ash content and Na2SiO3/NaOH ratio in the alkaline activator. The highest
average compressive strength was 49.5 MPa achieved by the FBGC mixes that was mixed
with GL fly ash, whereas the lowest average compressive strength of FBGC was 19.5 MPa
obtained by FBGC mixes that mixed with BW fly ash. The average compressive strength of
the FBGC mixes that mixed with ER, MP and CL fly ashes were 21.0 MPa, 22.0 MPa and
33.0 MPa, respectively.
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Figure 4.9 Mean compressive strength of the fly ash based geopolymer concrete that used
different fly ashes

These variances in the extent of the average compressive strength of the FBGC that were
mixed with different fly ashes are due to the variances in the fly ash characteristics. As
discussed in Chapter three, the fly ash characteristics have a significant effect on the chemical
reactivity with alkaline activator. The reactivity of the fly ash is mainly influenced by the
combined effect of the chemical composition and the particle size distribution of the fly ash
(Khale and Chaudhary 2007; Nikolić et al. 2015). Thus, fly ashes from different sources have
different extent of compressive strength, irrespective of the mix proportion of the FBGC.

4.5.4 Splitting tensile strength of the FBGC
Figure 4.9 illustrates the average splitting tensile strength of the FBGC that were mixed with
ER, MP, BW, GL and CL fly ash. The splitting tensile strength of the FBGC at the age of 7
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days ranged from 1.5 to 5.1 MPa which represents 7% to 12% of the compressive strength.
The highest splitting tensile strength was displayed by the FBGC that mixed with GL fly ash
where the splitting tensile strength ranged from 3.1 to 5.1 MPa. While the lowest splitting
tensile strength was observed in the FBGC that was mixed with BW fly ash with the range
from 1.5 to 2.5 MPa. The highest average splitting tensile strength of the FBGC that were
mixed with ER, MP and CL fly ashes were 2.3 MPa, 2.5 MPa and 3.1 MPa, respectively.

Figure 4.10 Splitting tensile strength of the fly ash based geopolymer concrete that mixed
with different fly ashes
4.5.5 Stress-Strain relationship of the FBGC
Figure 4.11 shows the typical stress-strain relationship of five FBGC mixes. The results
showed significant differences in the stress-strain relationship of the FBGC mixes that used
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different fly ashes. The FBGC that was mixed with GL fly ash exhibited the highest initial
slop of the stress- strain relationship where the maximum stress was 58.2 MPa and the
corresponding strain was 0.0027. While the FBGC that was mixed with ER fly ash showed
the lowest initial slop in the ascending part of the stress- strain relationship with a maximum
stress of 21.8 MPa and the corresponding strain of 0.0034. In addition, the stress-strain
relationship of the FBGC specimens shows that the FBGC that was mixed with GL fly ash
was more brittle than other FBGC mixes where the specimens failed suddenly after the
loading reached to the maximum stress. It was noted that the data for specimens mixed with
BW fly ash were lost due to the failure in LVDT recording.
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Figure 4.11 Stress-Strain relationship of the FBGC

The stress- strain relationship was used in determining the modulus of elasticity of the FBGC.
The modulus of elasticity of the FBGC was determined by the secant modulus measured at
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the stress level equal to 40% of the maximum compressive strength of FBGC as shown in
Table 4.3. The results showed that the modulus of elasticity of the FBGC ranged from 17.3
GPa to 26.6 GPa.
Table 4.3 Compressive strength and mudulus of elastisity of the FBGC
Average Compressive Strength

Average Modulas of Elastisity

(MPa)

(GPa)

GL500R1.5

58.2

26.6

CL500R1.5

41.7

21.2

MP500R2.5

23.2

17.6

ER500R2.5

21.8

17.3

Mix ID

4.5.6 Ultrasonic Pulse Velocity of the FBGC
The UPV of the FBGC that used ER, MP, BW, GL and CL fly ashes are illustrated in Figure
4.12. The highest UPV was achieved by the FBGC that used GL fly ash where the UPV
ranged from 3.51 to 4.08 km/s, while the lowest UPV was recorded in the FBGC that was
mixed with BW fly ash with a maximum UPV of 2.76 km/s. The maximum UPV of the
FBGC that was mixed with ER, MP and CL were 2.88, 2.94 and 3.45 km/s, respectively.
The ultrasonic pulse transmits more easily through solids than that in voids and cracks (Zoidis
et al. 2013). Thus, the higher UPV implies that the concrete is free from cracks and voids that
may impact the propagation the ultrasonic pulse through the concrete matrix.
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Figure 4.12 Ultrasonic pulse velocity of the FBGC that used different fly ashes

4.5.7 Water absorption of the FBGC
The results of the water absorption test are summerized in Table 4.2 and Figure 4.13. The results

show that the highest water absorption was observed in the FBGC that was mixed with ER fly
ash where the percentage of the water absorption ranged from 4.9% to 6.8%. While the lowest
water absorption was observed in the FBGC that was mixed with GL fly ash (maximum water
absorption = 5.0%) The maximum water absorption of the FBGC that were mixed with MP,
BW and CL were 6.5%, 6.0% and 5.4, respectively.
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Figure 4.13 Water absorption of the fly ash based geopolymer concrete that used
different fly ashes

Figure 4.14 show relationship between the median particle size of the fly ash and the water
absorption of the FBGC. The results show that the water absorption of the FBGC increased
significantly with increasing the median particle size of the fly ash. For example, the water
absorption of the FBGC that was mixed with ER fly ash (median particle size = 24 µm) was
in the range 30% to 36% higher than the water absorption of the FBGC that was mixed with
GL fly ash (median particle size = 3 µm).
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Figure 4.14 Effect of median particle size of the fly ash on water absorption of the FBGC

4.6 Effect of the fly ash content on the properties of the FBGC
4.6.1 Effect of the fly ash content on the air content of the fresh FBGC
Figure 4.15 shows the effect of the fly ash content on the air content in the fresh FBGC. It can
be seen that increasing the fly ash content of the FBGC reduced the air content in the fresh
FBGC significantly. The maximum reduction in the air content because of increasing the fly
ash content in the FBGC from 300 to 500 kg/m3 were 32%, 30%, 29%, 45% and 37%, for the
FBGC that were mixed with ER, MP, BW, GL and CL fly ashes, respectively.
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Figure 4.15 Effect of fly ash content on the air content in the fresh FBGC that mixed
with different fly ashes

The reduction in the air content in the fresh FBGC due to increasing the fly ash content in the
FBGC mix may be attributed to the effect of fly ash content on the consolidation of the fresh
FBGC. Fly ash facilitates flow between the aggregate particles owing to the spherical shape
and smooth surface of the fly ash particles (Rickard et al. 2011). Thus, increasing the fly ash
content from 300 to 500 kg/m3 in the FBGC mix promotes the consolidation of the FBGC
particles that allow the air bubbles to escape from the concrete by the buoyancy force. In
addition, aggregate particles in the concrete mix trap the air bubbles that induced during the
mixing of the concrete mix (Neville 2011). Therefore increasing fly ash content reduces the
total volume of the aggregate which in turn reduces the amount of air bubbles that may be
interrupted by aggregate particles.
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4.6.2 Effect of the fly ash content on the compressive strength of the FBGC
Figure 4.16 shows the effect of the fly ash content on the compressive strength of the FBGC.
It is clear that increasing the fly ash content from 300 to 500 kg/m3 stimulates the
compressive strength of the FBGC. The maximum increase in compressive strength due to
increasing the fly ash content in the FBGC mixes from 300 to 500 kg/m3 were 29%, 23%,
17%, 36% and 33% for the FBGC that were mixed with ER, MP, BW, GL and CL fly ashes,
respectively.

Figure 4.16 Effect of fly ash content on the compressive strength of the FBGC that
mixed with different fly ashes

The effect of increasing the fly ash content on the compressive strength of the FBGC was
found to be significantly dominated by the fly ash characteristics. As discussed in Chapter
three, fly ash characteristics predominate the extent of the geopolymerization with an alkaline
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activator that consequently affects the compressive strength of the resulting geopolymer. It
was evident that the compressive strength of the FBGC is highly dependent on the SiO2
content and the median particle size of the fly ash. Thus, a correlation between the SiO2 of the
fly ash and the compressive strength of the FBGC at different fly ash content (300, 400 and
500 kg/m3) was performed as shown in Figure 4.17.

Figure 4.17 Effect of SiO2 content of the fly ash on increasing the compressive strength
of the FBGC at different fly ash content

The results show that the SiO2 content in the fly ash has a significant effect on the increase of
the compressive strength of the FBGC due to increasing the fly ash content from 300 to 500
kg/m3. The highest extent of increase in the compressive strength of the FBGC was found to
be correlated to the lower SiO2 content in the fly ash. This is true when comparing the
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increase in compressive strength between the FBGC that were mixed with GL (SiO2= 43%)
and BW (SiO2= 77%) fly ashes where the increase in the compressive strength was 36% and
17%, respectively.
In addition, a correlation between the median particle size of the fly ash and the compressive
strength of the FBGC at different fly ash content (300, 400 and 500 kg/m3) as shown in Figure
4.18. The results revealed that increasing the median particle size reduced the developing of
the compressive strength of the FBGC when increasing the fly ash content from 300 to 500
kg/m3. This is true when comparing the increase in the compressive strength of the FBGC that
were mixed with GL (median particle size of 3.6 µm) and CL (median particle size of 9 µm)
fly ashes where the increase in compressive strength declined from 36% to 33%. However,
the increase in the median particle size of the fly ashes ER, MP and BW did not show a clear
correlation with increasing the compressive strength due to increasing the fly ash content from
300 to 500 kg/m3. For example, the maximum increase in the compressive strength of the
FBGC that was mixed with BW (median particle size of 15 µm) fly ash was 17% while it was
29% for the FBGC that was mixed with ER fly ash (median particle size of 24 µm).
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Figure 4.18 Effect of median particle size of the fly ash on increasing the compressive
strength of the FBGC at different fly ash content

4.6.3 Effect of the fly ash content on the splitting strength of the FBGC
The effect of increasing the fly ash content on the splitting tensile strength is illustrated in
Figure 4.19. The results show that increasing the fly ash content from 300 to 500 kg/m3
increased the splitting tensile strength of the FBGC that were mixed with ER, MP, BW, GL
and CL fly ashes by 15%, 18%, 21%, 27% and 24%, respectively. The fly ash characteristics
were found to have a significant effect on the extent of developing the splitting tensile
strength of the FBGC when increasing the fly ash content from 300 to 500 kg/m 3, in a similar
way to that were observed in the results of the compressive strength.
The tensile strength of concrete relies on the volume of flaws (i.e. cracks and voids) induced
inside the concrete mass (Neville 2011). In the FBGC, the presence of unreacted particles,
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voids and crakes in the microstructure of the FBGC implies the low extent of the
geopolymerization between fly ash and the alkaline activator. These defects represent weak
points where failure may start at (Zhu et al. 2004). These flaws are mainly caused by the
partial geopolymerization between fly ash particles and the alkaline activator. Also, the voids
in the microstructure of the FBGC form due to the poor consolidation of the FBGC
components as a consequence of using high viscous alkaline activators (Wu and Sun 2010;
Romagnoli et al. 2014). Thus increasing the fly ash content in the FBGC promotes the
microstructure of the FBGC which in turn increases the splitting tensile strength of the FBGC.

Figure 4.19 Effect of fly ash content on the splitting tensile strength of the FBGC
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In addition, the increase in the fly ash content was observed to have a significant effect on the
failure mode of the specimens where increasing the fly ash content in the FBGC was found to
be correlated with high brittle mode of failure. This is because of the increase in fly ash
content was associated with increasing the compressive strength of the FBGC. According to
the ACI-408R (2003), the brittleness of the concrete is correlated to the high compressive
strength of the concrete. As a result, increasing the fly ash content in the FBGC results in
increasing the brittleness of the FBGC, which in turn affects the mode of failure of the FBGC
during the splitting tensile test.

4.6.4 Effect of the fly ash content on the UPV of the FBGC
The effect of fly ash content in the FBGC on the UPV is shown in Figure 4.20. The results
show that increasing the fly ash content in the FBGC increased the UPV of the FBGC that
were mixed with ER, MP, BW, GL and CL fly ashes by 6.8%, 7.2%, 7.0%, 14.0% and 15.2%,
respectively.
The increase of the UPV of the FBGC due to increasing the fly ash content from 300 to 500
kg/m3 implies that increasing the fly ash content in the FBGC results in a denser
microstructure of the FBGC which in turn affects the density of the FBGC as shown in Figure
4.21. This is true for the results of the density of the hardened FBGC where the results show
that the density of the FBGC increased significantly with increasing the fly ash content in the
FBGC from 300 to 500 kg/m3. The density of the hardened FBGC that were mixed with ER,
MP, BW, GL and CL increased by 2.8%, 2.3%, 2.4%, 4.0% and 3.6%, respectively when the
fly ash content increased from 300 to 500 kg/m3.
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Figure 4.20 Effect of fly ash content on the UPV of the FBGC

Figure 4.21 Relationship between the UPV and density of the FBGC
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The SEM analysis revealed that increasing the fly ash content in the FBGC affected
significantly the microstructure of the FBGC. Figures 4.22 shows the SEM images of Mixes
ER300R2.5, ER 500R2.5, GL300R1.5 and GL 500R1.5. Increasing the fly ash content from
300 kg/m3 to 500 kg/m3 resulted in forming a geopolymer matrix with homogeneous and
compacted microstructures. This is true when comparing the differences in the
microstructures between Mixes ER300R2.5and ER 500R2.5 as well between the Mixes
GL300R1.5 and GL 500R1.5.

(a)

(b)

Unreacted
fly ash
parties

(c)

(d)

Voids

Figure 4.22 The SEM images of the FBGC for Mixes; (a) ER300R2.5, (b) ER 500R2.5, (c)
GL300R1.5 and (d) GL 500R1.5
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4.6.5 Effect of the fly ash content on the water absorption of the FBGC
The effect of the fly ash content on the water absorption of the FBGC is illustrated in Figure
4.23. The results show that the increase of the FBGC from 300 to 500 kg/m3 reduced the
water absorption of the FBGC significantly. The reduction in the water absorption for the
FBGC that were mixed with ER, MP, BW, GL and CL were 22.6%, 22.5%, 19.6%, 27.4%,
18.2%, respectively.
In general, the water absorption is dependent on the pore structure of the concrete, particularly
the binder paste (i.e. geopolymer paste) and the interfacial zone between the paste and
aggregate particles (Neville 2011). The volume and continuity of voids and cracks in the pore
structure of the concrete control the amount of the water that can be absorbed by concrete.
Thus, the volume of the binder paste governs volume of pores owing to the cracks that may
occur due to shrinkage and improper consolidation of the concrete matrix. This means that
increasing the volume of the binder in the concrete resulted in increasing the volume of the
voids and cracks within concrete mass. In this study, however, the increase of the fly ash
content in the FBGC from 300 to 500 kg/m3 reduces the water absorption of the FBGC. This
may be attributed to the increase in the packing density (the ratio of volume fraction occupied
by the solids to the volume of the surrounding container) of the FBGC matrix. The increase of
the fly ash content increases the volume of the fine fraction particles in the FBGC matrix
which in turn fill the voids between the aggregate particles that consequently leads to increase
the compactness of the FBGC.
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Figure 4.23 Effect of fly ash content on the water absorption of the FBGC

4.7 Effect of the Na2SiO3/NaOH on the properties of the FBGC
4.7.1 Effect of the Na2SiO3/NaOH on the air content of the fresh FBGC
Figure 4.10 shows the effect of the Na2SiO3/NaOH ratio in the alkaline activator on the air
content in the fresh FBGC. It can be seen that increasing the Na2SiO3/NaOH ratio in the
alkaline activator increased the air content in the fresh FBGC significantly. The maximum
increase in the air content due to increasing the Na2SiO3/NaOH ratio in the alkaline activator
from 1.5 to 2.5 were 14%, 18%, 10%, 22% and 16%, for the FBGC mixes that were mixed
with ER, MP, BW, GL and CL fly ashes, respectively.
The increase of the air content in the fresh FBGC due to increasing the Na2SiO3/NaOH ratio
in the alkaline activator from 1.5 to 2.5 may be attributed to the increase of viscosity of the
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alkaline with increasing the Na2SiO3/NaOH ratio. Increasing the Na2SiO3/NaOH ratio in the
alkaline activator associated with increasing the viscosity of the alkaline activator owing to
the high viscosity of the Na2SiO3 (400 centipoises). The high viscosity of the alkaline
activator increases the amount of air bubbles that were entrapped in the FBGC during the
mixing.

4.7.2 Effect of the Na2SiO3/NaOH on the compressive strength of the FBGC
The effect of the Na2SiO3/ NaOH ratio in the alkaline activator on the compressive strength of
the FBGC is illustrated in Figure 4.16. The results reveal a different behaviour of the
compressive strength of the FBGC specimens due to increasing the Na2SiO3/NaOH ratio. The
increase of the Na2SiO3/NaOH ratio from 1.5 to 2.5 resulted in a significant increase in the
compressive strength of the FBGC that were mixed with ER, MP and BW fly ashes where the
increase reached 20%, 17% and 14%, respectively. In contrast, the increase of the
Na2SiO3/NaOH ratio from 1.5 to 2.5 resulted in decreasing the compressive strength of the
FBGC that were mixed with GL and CL fly ashes by 27% and 20%, respectively.
As discussed in Chapter three, the variation in the effect of the Na2SiO3/NaOH ratio on the
compressive strength of the geopolymers may be attributed to the equilibrium between SiO 2
and Al2O3 in the FBGC matrix (Fernández-Jiménez et al. 2006). The Na2SiO3/NaOH ratio
controls the leaching of the fly ash components as it is related to the availability of the silicon
(Si4+) and sodium (Na+) ions that are liberated from the Na2SiO3 in the geopolymer mix
(Bakri et al. 2013). The equilibrium between the liberated ions affects the rigidity and the
cohesion of geopolymer structure that consequently affect developing the compressive
strength (Leong et al. 2016).
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4.7.3 Effect of the Na2SiO3/NaOH ratio on the splitting strength of the FBGC
The effect of the Na2SiO3/ NaOH ratio on the splitting strength of the FBGC is illustrated in
Figure 4.19. The results show that increasing the Na2SiO3/ NaOH ratio from 1.5 to 2.5 in the
FBGC increased the splitting tensile strength of the FBGC that used ER, MP and BW fly
ashes by 21, 19 and 26%, respectively. However, the increase of the Na2SiO3/ NaOH ratio
from 1.5 to 2.5 in the FBGC that used GL and CL fly ash declined the splitting tensile
strength of the FBGC by 15 and 14% respectively. As a result, increasing the Na2SiO3/NaOH
ratio in the FBGC shows different effects on the splitting tensile strength of the FBGC due to
using different fly ashes that required different optimum Na2SiO3/NaOH ratio to achieve the
highest splitting tensile strength of the FBGC.
The alkaline activator components (Na2SiO3 and NaOH) mainly composed of the molecules
including SiO2 and Na2O in different ratios. In order to understand the effect of the
Na2SiO3/NaOH ratio on the splitting tensile strength of the FBGC, relationships between the
splitting tensile strength of the FBGC and the liquid SiO2 and total Na2O in the alkaline
activator were conducted. The relationship between the content of the liquid SiO2 in the
Na2SiO3, which represents 29.4% by weight, and the splitting tensile strength of the FBGC
were conducted as shown in Figure 4.23. The results show that the splitting tensile strength of
the FBGC increased significantly with increasing the amount of the liquid SiO2 in the FGBC.
The increase of the liquid SiO2 content results in increasing the reactive silica in geopolymer
matrix forming a silicon-rich gel which has a compacted and higher mechanical properties
(Ruiz-Santaquiteria et al. 2012). As a result, the higher tensile strength of the geopolymer is
associated with the higher liquid SiO2 in the FBGC matrix.
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Figure 4.24 Relationship between the liquid SiO2 and the splitting tensile strength of the
FBGC

In addition, the effect of the total Na2O content in alkaline activator components (14% by
weight of Na2SiO3 and 28% to 35% by weight of NaOH) on the splitting tensile strength of
the FBGC was evaluated. Figure 4.25 shows the relationship between the total Na2O of the
alkaline activator on the splitting tensile strength of the FBGC. The results show that
increasing the Na2O in the alkaline activator reduced the splitting tensile strength of the
FBGC, irrespective of the type and content of the fly ash. In fact, the Na2O content controls
the extent of leaching the fly ash components (SiO2 and Al2O3) in the geopolymer mix while
the fly ash is being geopolymerised that consequently affects the rigidity and the cohesion of
geopolymer structure (Bakri et al. 2013; Leong et al. 2016). Thus increasing the Na2O in the
alkaline activator may affect equilibrium between the liberated components which in turn
affects the splitting tensile strength of the FBGC.
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Figure 4.25 Relationship between the total Na2O and the splitting tensile strength
of the FBGC

4.7.4 Effect of the Na2SiO3/NaOH ratio on the UPV of the FBGC
The effect of the Na2SiO3/NaOH ratio on the UPV of the FBGC can be observed in Figure
4.20. The results show that increasing the Na2SiO3/NaOH ratio in the FBGC from 1.5 to 2.5
decreased the UPV of the FBGC. The maximum decrease in the UPV of the FBGC that were
mixed with ER, MP, BW, GL and CL fly ashes were 2.6%, 2.4%, 2.1%, 3.5% and 6.4%,
respectively. These results indicated that the volume of pores in the FBGC increased with
increasing the Na2SiO3/NaOH ratio in the alkaline activator which in turn decreases the
density of the FBGC. This is true where the results indicated that increasing the
Na2SiO3/NaOH ratio in the alkaline activator decreased the density of the hardened FBGC.
The results of the density of the hardened FBGC show that the maximum decrease in the
density of the hardened FBGC that were mixed with ER, MP, BW, GL and CL fly ashes were
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2.82%, 2.70%, 2.76%, 2.70% and 2.15% when the Na2SiO3/NaOH ratio in the alkaline
activator increased from 1.5 to 2.5.
In addition, the results of the SEM showed significant variances in the microstructures of the
FBGC that used different Na2SiO3/NaOH ratio. Figures 4.26 shows the SEM images of mixes
ER300R1.5, ER300R2.5, BW300R1.5, BW300R2.5, GL300R1.5 and GL3002.5. The
microstructures of the FBGC that were mixed with Na2SiO3/NaOH ratio of 1.5 exhibited
denser microstructures than those were mixed with Na2SiO3/NaOH ratio of 2.5. However, the
microstructure of mixes ER300R1.5 and BW300R1.5 contained a high amount of unreacted
fly ash particles (Figure 4.26 a and c). These results explain the reduction in the UPV and the
density of the FBGC due to increasing the Na2SiO3/NaOH ratio. As explained above, using a
high Na2SiO3/NaOH ratio increases the viscosity of the FBGC mix. The high viscosity of the
FBGC mix reduces the mobility of the geopolymerization products to fill the voids within the
microstructure of the geopolymer matrix.

(a)

(b)
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(c)

(d)

(e)

(f)

Figure 4.26 SEM images of FBGC for Mixes; (a) ER300R1.5, (b) ER300R2.5, (c)
BW300R1.5, (d) BW300R2.5, (e) GL300R1.5 and (f) GL3002.5.

4.7.5 Effect of the Na2SiO3/NaOH on the water absorption of the FBGC
The effect of the Na2SiO3/NaOH ratio on the water absorption of the FBGC is shown in
Figure 4.23. The results reveal that increasing the Na2SiO3/NaOH ratio in the alkaline
activator from 1.5 to 2.5 reduced the water absorption of the FBGC that were mixed with ER,
MP, BW, GL and CL fly ashes. The maximum reduction in water absorption of the FBGC
that were mixed with ER, MP, BW, GL and CL fly ashes reached 10%, 11%, 9%, 22% and
16%, respectively.
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The volume and continuity of the pores in the concrete paste govern the water absorption of
the FBGC (Neville 2011). In this study, the results indicated that increasing the
Na2SiO3/NaOH ratio in the alkaline activator from 1.5 to 2.5 decreased the density and UPV
of the FBGC which implies increasing the volume of pores in the produced FBGC. This
increase in the volume of the pores in the FBGC resulted from increasing the viscosity of the
FBGC mixture owing to the increase of the Na2SiO3/NaOH ratio in the alkaline activator
(Chindaprasirt et al. 2007). The high viscosity of the alkaline activator reduces the efficiency
of compaction to eliminate air that may have been entrapped in the FBGC during the mixing
which in turn increases the volume of the pores in the FBGC (Rattanasak and Chindaprasirt
2009; Nath and Sarker 2015). However, the water absorption of the FBGC was found to be
significantly declined with increasing the Na2SiO3/NaOH ratio in the alkaline activator from
1.5 to 2.5. This reduction in the water absorption of the FBGC may be attributed to the role of
increasing the amount of the Na2SiO3/NaOH ratio in the alkaline activator on the reducing the
effectiveness of the pores network of the FBGC to absorb water. The increase of the Na 2SiO3
in the alkaline activator affect in forming silicate components that occupy the void spaces
between the fly ash particles resulted in lower water absorption.

4.8 Relationship between Compressive strength and Density of the FBGC
The compressive strength of the FBGC was plotted versus the corresponding density for all
FBGC mixes as shown in Figure 4.27. The results show that the compressive strength of the
FBGC increases significantly with increasing the corresponding density. This correlation
between the compressive strength and the density of the FBGC was derived using statistical
regression analysis based on the experimental data. A model was derived using linear
regression method to express the relationship between the compressive strength and density of
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the FBGC as shown in Eq 4.2. The regression was performed using the least-squares
technique for the curve fitting. The parameters of the linear equation were determined based
on the highest correlation factor R2. The correlation factor (R2) of developed model was 0.73.
The range of the compressive strength of the FBGC was between 17 to 64 MPa and the
corresponding density values lay between 2030 to 2261 kg/m3.

𝑓′𝑐 = 0.189ρ − 373

(4.2)

where f’c is the compressive strength of the FBGC, ρ is the density of the hardened FBGC.
The ±95% confidence intervals were calculated by using Eq 4.3 while ±95% prediction
intervals were determined by using Eq 4.4 (Altman and Gardner 1988). The confidence and
prediction intervals at a probability level of ±95% for the power regression line were
determined and plotted along with the relevant best fit line.

4.3

∑(𝑦 − 𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 )2
1 (𝑥 − 𝑥 𝑎𝑣𝑒 )2
𝑦 95% 𝑐𝑜𝑛𝑓𝑒𝑑𝑒𝑛𝑐𝑒 = 𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ± 𝑡0.05 √
∗√ +
𝑖−2
𝑖
𝑠𝑠𝑥

𝑦 95% 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑦 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ± 𝑡0.05 (√1 +

4.4

∑(𝑦 − 𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 )2
1 (𝑥 − 𝑥 𝑎𝑣𝑒 )2
) ∗ √1 + +
𝑖−2
𝑖
𝑠𝑠𝑥

where y 95% confidence is the output (i.e. ρ) of the 95% confidence interval, y
output of the 95% prediction interval value y

predicted

95% prediction

is the

is the predicted output (ρ) using the

developed model, x is the input (i.e. f’c), xave is the average of the input, i is the number of
observations in the experimental. t0.05 is the t-test critical value for 95% interval, and ssx is the
sum of the squares of the standard error of input values.
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The developed model was evaluated using experimental data from Diaz-Loya et al. (2011)
and Gunasekara et al. (2016). In these studies, the FBGC was produced using different fly ash
(Type F) sources and aggregate with a specific gravity between 2.5 to 2.6 which is similar to
that were used in this study. It can be seen that the relationship between the compressive
strength and the density of the hardened FBGC shows a respectable correlation with results
obtained by Gunasekara et al. (2016) at the range of compressive strength lower than 80 MPa.
However, the model only shows an agreement with the results obtained by Diaz-Loya et al.
(2011) at the range of density between 2000 kg/m3 to 2300 kg/m3.
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Figure 4.27 Relationship between the compressive strength and the density of the hardened
FBGC
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4.9 Relationship between Compressive strength and splitting tensile strength of the
FBGC
The splitting tensile strength of the FBGC was plotted versus the corresponding compressive
strength for all FBGC mixes in Figure 4.27. The results show that the splitting tensile strength
of the FBGC increases significantly with increasing the corresponding compressive strength.
Several studies used an empirical equation in form of Eq 4.5 that was originally used for
normal concrete to express the relationship between the splitting tensile strength and the
compressive strength of the FBGC.

6.0
fct = 0.22f'c0.75
R² = 0.93

Splitting tensile strength (MPa)
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Figure 4.28 Relationship between the compressive strength and the splitting tensile
strength of the FBGC
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𝑓𝑐𝑡 = 𝐴𝑓′𝑛𝑐

(4.5)

where fct is the splitting tensile strength, f’c is the compressive strength, A and n are constants
obtained from a regression analysis of the data used in modelling.
The American Concrete Institute ACI-363 (2010) and Australian Standards AS3600 (2009),
for example, prescribed models in Eq 4.6 and Eq 4.7, respectively, to express the relationship
between the splitting tensile strength and the compressive strength of the normal concrete.
These models have been plotted along with the experimental results of the splitting tensile
strength obtained from this study as shown in Figure 4.27. It can be seen that the splitting
tensile strength of the FBGC was lower than those obtained from the model cited in ACI 363
(2010) especially at a range of compressive strength lower than 35 MPa. This means that the
model cited in (ACI-363 2010) may not provide a conservative estimate of the value of the
splitting tensile strength of the FBGC. On the other hand, the results of the splitting tensile
strength of the FBGC are generally higher than those obtained from the model provided by
AS3600 (2009). However, the variance between the values of the splitting tensile strength that
obtained from the experimental and from AS3600 (2009) increased significantly with
increasing the range of compressive strength where the difference reached 40% lower than the
estimated value. Thus, the use of model provided by AS3600 (2009) may not provide realistic
values of the splitting tensile strength of the FBGC particularly at a high range of compressive
strength.
𝑓𝑐𝑡 = 0.59𝑓′0.50
𝑐

(4.6)

𝑓𝑐𝑡 = 0.40𝑓′0.50
𝑐

(4.7)

𝑓𝑐𝑡 = 0.22𝑓′0.75
𝑐

(4.8)
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As a result, a model was derived using the experimental results to estimate the splitting tensile
strength of the FBGC based on Eq 4.5. For this aim, the power regression law was used to fit
the best curve of the experimental data. The model parameters A and n were determined using
logarithm method (Blaesser et al. 2015). As a result, a model with correlation factor (R2) of
0.93 was developed as shown in Eq 4.8.
The experimental data of the splitting tensile strength of the FBGC from studies conducted by
Ryu et al. (2013), Topark-Ngarm et al. (2015) and Gunasekara et al. (2016) were used to
evaluate the developed model in Eq 4.8. Ryu et al. (2013) produced FBGC with a range of the
compressive strength between 17.5 MPa to 61.5 MPa while the range of splitting tensile
strength was between 1.3 MPa to 4.0 MPa. Topark-Ngarm et al. (2015) examined the
mechanical properties of the FBGC using different curing conditions. They produced FBGC
with a range of compressive strength between 20.5 MPa to 60.7 MPa and the corresponding
splitting tensile strength ranged between 1.2 MPa to 5.0 MPa. Gunasekara et al. (2016)
produced FBGC using different fly ash sources and different mix proportions. The range of
the compressive strength was from 24.9 MPa to 87.4 MPa and the corresponding splitting
tensile strength was from 1.2 MPa to 4.7 MPa. Form the above studies, only the mixes having
a compressive strength between 17.0 MPa to 64.0 MPa were used in the validation of the
developed model in Eq 4.8. As a result, 53 of total 56 data points from the aforementioned
studies were used in the validation of the developed model in Eq 4.8. It can be seen that most
of the data points fall within the range of the 95% upper and lower prediction intervals of Eq
4.8 as shown in Figure 4.28.
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4.10 Relationship between Compressive strength and UPV of the FBGC
The relationship between the compressive strength and the UPV of the FBGC was plotted in
Figure 4.29. The results show that the UPV increased with increasing the compressive
strength of the FBGC. The correlation between the compressive strength and the UPV of the
FBGC was expressed in a model as shown in Eq 4.8. The model was fitted to a linear
regression model using the least square technique. The R2 of the developed model was 0.92.
The range of the compressive strength of the FBGC was 17 to 64 MPa and the corresponding
UPV values lay between 2.55 to 4.08 km/s.
𝑓′𝑐 = 26.7𝑣 − 52.20

(4.8)

where f’c is the compressive strength and v is the value of the ultra pulse velocity of the
FBGC.

100

Experimental

90

Gunasekara et al. (2016)

80

Wardhono et al. (2017)
±95% Confidincial interval

Compressive strength (MPa)

70

±95% Predictipn interval

60
50
40
30
20
10
0
2.00

2.50

3.00

3.50

4.00

4.50

UPV (km/s)

Figure 4.29 Relationship between the compressive strength and the UPV of the FBGC
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The model was evaluated using experimental data obtained from Gunasekara et al. (2016) and
Wardhono (2015). In these studies, the FBGC was produced using different fly ash (Type F)
sources and different mix proportion. It can be seen that the relationship between the
compressive strength and the UPV of the FBGC show a respectable correlation with results
obtained by Wardhono (2015). The model also shows an agreement with the results obtained
by Gunasekara et al. (2016) at the range of compressive strength between 25 to 47 MPa,
however, it does not show a clear correlation at a range of compressive strength higher than
80 MPa.

4.11 Summary
This chapter investigated the effects of the fly ash content and the Na2SiO3/NaOH ratio in the
alkaline activator on the properties of the FBGC using different fly ash sources. The results
indicate that the following conclusions can be drawn as follows:
1. The density of the hardened FBGC ranged from 2050 to 2261 kg/m3
2. The compressive strength of the FBGC, in this study, was in the range 17 to 64 MPa.
3. The splitting tensile strength of the FBGM, in this study, was in the range 1.5 to 5.1 MPa.
The splitting tensile strength represented 7% to 12% of the corresponding compressive
strength.
4. The fly ash type affects the response of the FBGC to the increase of the fly ash content in
the FBGC. Density, compressive strength and splitting tensile strength increased
significantly with increasing the fly ash content. The water absorption decreased
significantly with increasing the fly ash content in the FBGC.
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5. The increase of the fly ash content in the FBGC improved the pore structure of the FBGC
significantly. The improvement in the pore structure of the FBGC is significantly
dependent on the particle size distribution of the fly ash.
6. The increase of the Na2SiO3/NaOH in the alkaline activator increased the viscosity of the
fresh FBGC significantly.
7. The high viscosity of the alkaline activator reduces the efficiency of the compaction to
eliminate the air bubbles from the FBGC mix.
8. The effect of increasing the Na2SiO3/NaOH in the alkaline activator on the compressive
strength of the FBGC relies on the fly ash characteristics.
9. The increase of the liquid SiO2 in the FBGC improved the splitting tensile strength. While
increasing the Na2O in the alkaline activator reduces the splitting tensile strength of the
FBGC.
10. The water absorption of the FBGC decreased significantly with increasing the
Na2SiO3/NaOH in the alkaline activator, however, it reduces the density of the hardened
FBGC.

The next chapter presents the factors that affect the bond strength between the fly ash-based
geopolymer concrete and steel reinforcement including fly ash content, water content and
alkaline activator content.
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CHAPTER 5 FACTORS AFFECTING THE BOND STRENGTH
BETWEEN THE FLY ASH BASED GEOPOLYMER CONCRETE AND
STEEL REINFORCEMENT
5.1 Overview
This chapter presents a comprehensive study on the effects of the fly ash type (five different
Australian fly ash sources), fly ash content and dosage of the alkaline activator on the bond
strength between the fly ash-based geopolymer concrete (FBGC) and steel reinforcement. The
details of the experimental work including materials, mix proportion, curing method and
testing methods are also presented in this chapter. Finally, the test results are illustrated and
discussed in this chapter.

5.2 Materials
5.2.1 Fly ash
Five different types of fly ash from Eraring (ER), Mt Piper (MP), Bayswater (BW), Gladstone
(GL), and Collie (CL) power stations were used in this study. All these fly ashes are Type F.
The details of the fly ashes used in the FBGC were described in Chapter three (Section 3.2.1).

5.2.2 Alkaline activator
The alkaline activator utilised in this study was composed of different proportions of NaOH
and Na2SiO3. The properties of the NaOH and Na2SiO3 were illustrated in details in Chapter
three (Section 3.2.2).The details of the dosage of the alkaline activator that were mixed with
the FBGC were described in Chapter four (Section 4.2.2).
133

5.2.3 Aggregate
The details of the aggregate that were mixed with the FBGC were described in Chapter four
(Section 4.2.3).

5.2.4 Steel bar
To investigate the bond behaviour between the geopolymer concrete and steel reinforcement,
deformed steel bars with a nominal diameter of 16 mm were used in this study. The nominal
tensile strength of the deformed steel bar was 500 MPa.
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Figure 5.1 Typical stress-strain behaviour of steel bar

The tensile properties of steel were determined in accordance with AS/NZS-4671 (2001).
Three samples were tested in tension using Instron 8033 universal testing machine. The test
was carried out at the high bay laboratory of the School of Civil, Mining and Environmental
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Engineering, University of Wollongong, Australia. The typical stress-strain behaviour of the
steel bar is shown in Figure 5.1. The modulus of elasticity, the yield tensile strength and the
corresponding strain were 188 GPa, 512 MPa and 0.003 mm/mm, respectively.

5.3 Mixing, casting and curing of the FBGC
The details of the mix proportion, the mixing procedure, the curing and labelling of the FBGC
mixes were described in Chapter four (Section 4.3).

5.4 Test procedure
Direct pull-out tests were carried out according to European standard EN-10080 (2005) to
determine the bond strength between FBGC and steel reinforcement. The bond test was
carried out on cubic specimens of 160 mm sides. A 16 mm diameter deformed steel bar was
embedded in the middle of cubic specimens to a length of five times its diameter, as
recommended by EN-10080 (2005) as shown in Figure 5.2. A steel frame has been designed
and manufactured to install the bond test specimen in the testing machine as shown in Figure
5.3. The test specimen was mounted in the frame as shown in Figure 5.3a. The test specimens
were installed in the testing machine as shown in Figure 5.3 b.
Three specimens from each mix were tested at the age of 7 days. The bond test took place in
the Highbay laboratory, School of Civil, Mining and Environmental Engineering, University
of Wollongong, Australia.
The type of failure was identified, and the bond stress-slip relationship was recorded by a
computer mounted onto the tensile machine (Instron 8033 testing machine). The ultimate
bond stress was calculated using the following formula:
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𝜏=

𝐹𝑈
5𝑑 2 𝜋

(5.1)

where τ is the ultimate bond strength, FU is the ultimate pullout force, and d is the diameter of
the bar.

Figure 5.2 Details of the bond strength test specimen
(All dimensions are in mm)
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(a)

(b)
Figure 5.3 Test set-up of the bond strength test: (a) schematic of the bond test specimen and
the frame (b) specimen in the testing machine

5.5 Results and discussion
The failure mode of pull-out specimens of the FBGC and the effects of test parameters (fly
ash type, fly ash content and Na2SiO3/NaOH ratio) on bond strength were evaluated. The
results of the bond strength test between the FBGC and the steel reinforcement were
summarized in Table 5.1.
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Table 5.1 Summary of the bond strength results

Mix ID

ER300R1.5
ER300R2.0
ER300R2.5
ER400R1.5
ER400R2.0
ER400R2.5
ER500R1.5
ER500R2.0
ER500R2.5
MP300R1.5
MP300R2.0
MP300R2.5
MP400R1.5
MP400R2.0
MP400R2.5
MP500R1.5
MP500R2.0
MP500R2.5
BW300R1.5
BW300R2.0
BW300R2.5
BW400R1.5
BW400R2.0
BW400R2.5
BW500R1.5
BW500R2.0
BW500R2.5
GL300R1.5
GL300R2.0
GL300R2.5
GL400R1.5
GL400R2.0
GL400R2.5
GL500R1.5
GL500R2.0
GL500R2.5
CL300R1.5
CL300R2.0
CL300R2.5
CL400R1.5
CL400R2.0
CL400R2.5
CL500R1.5
CL500R2.0
CL500R2.5

Average
Compressive
strength
(MPa)
17
18
21
19
20
22
22
25
26
19
20
20
20
21
22
21
25
26
16
18
19
18
19
20
21
21
23
45
39
34
58
47
42
64
62
53
30
28
27
35
30
28
43
41
36

Bond strength
(MPa)

Douho et
al. (2016)
(MPa)

9.5
10.2
10.4
10.0
12.0
14.0
10.4
12.0
14.0
8.6
10.0
11.7
9.2
10.6
12.6
13.7
14.0
15.0
7.5
8.3
9.8
9.5
10.5
11.2
10.5
11.8
13.0
24.0
22.0
20.0
26.0
25.0
24.0
30.0
29.6
27.9
17.0
16.0
14.0
21.0
19.6
18.3
25.8
25.1
22.7

16.2
15.8
16.6
16.6
17.0
17.9
17.6
19.2
19.5
17.1
16.9
17.2
16.5
17.1
18.1
17.8
19.2
19.5
16.3
16.6
17.6
16.4
16.7
17.3
17.3
17.6
18.4
25.7
24.0
22.5
29.2
26.2
24.8
30.6
30.2
27.8
21.1
20.1
19.7
22.7
21.0
20.3
25.1
24.5
23.0
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Calculated bond strength
ToparkFIB
Hadi
Ngarm et
(2010)
(2008)
al. (2015)
(MPa)
(MPa)
(MPa)
10.6
9.0
5.6
10.3
8.7
5.5
10.8
9.2
5.8
10.8
9.2
5.8
11.1
9.4
5.9
11.7
9.9
6.2
11.5
9.7
6.1
12.5
10.6
6.7
12.7
10.8
6.8
11.2
9.5
6.0
11.0
9.4
5.9
11.2
9.5
6.0
10.8
9.1
5.7
11.2
9.5
6.0
11.8
10.0
6.3
11.6
9.9
6.2
12.5
10.6
6.7
12.7
10.8
6.8
10.7
9.0
5.7
10.8
9.2
5.8
11.5
9.7
6.1
10.7
9.1
5.7
10.9
9.3
5.8
11.3
9.6
6.0
11.3
9.6
6.0
11.5
9.8
6.1
12.0
10.2
6.4
16.8
14.3
8.9
15.7
13.3
8.4
14.7
12.4
7.8
19.0
16.1
10.1
17.1
14.5
9.1
16.2
13.7
8.6
20.0
17.0
10.6
19.7
16.7
10.5
18.2
15.4
9.7
13.8
11.7
7.3
13.1
11.1
7.0
12.9
10.9
6.9
14.8
12.5
7.9
13.7
11.6
7.3
13.2
11.2
7.0
16.4
13.9
8.7
16.0
13.6
8.5
15.0
12.7
8.0

Esfahani and
Rangan (1998)
(MPa)
7.4
7.3
7.1
7.5
7.6
7.7
8.1
8.3
9.1
7.5
7.1
7.9
6.7
8.1
8.1
7.8
8.4
8.5
7.7
7.0
8.0
7.0
7.3
7.8
8.0
7.8
8.4
13.0
12.1
11.8
14.0
13.7
12.3
15.7
15.8
13.7
10.7
10.5
10.2
11.1
10.2
10.1
12.1
12.2
11.3

5.5.1 Failure mode of the pull-out specimens
All FBGC pull-out specimens failed when the concrete cover split along the steel bar referring
to the brittle nature of the FBGC as shown in Figure 5.4. The splitting failure occurs when the
forces induced between the steel ribs and the surrounding concrete exceed the maximum
tensile strength of the FBGC (ACI-408R 2003). The splitting failure of the FBGC in the pullout test was also reported by Sofi et al. (2007) and Sarker (2010).

(a)

(b)

Figure 5.4 Typical splitting failure of the pull-out test specimen; (a) mix GL500R2.0, (b) mix
GL300R2.0

The mode of the splitting failure was observed to be significantly influenced by the fly ash
content that was used in each mix. Typically, the propagation of cracks in specimens with
high fly ash content (500 kg/m3) occurred suddenly through the geopolymer paste and
resulted in splitting the specimens, as shown in Figure 5.4a. On the other hand, the FBGC
with low fly ash content (300 kg/m3), the propagation of cracks took a long time before
splitting the FBGC, as shown in Figure 5.4b.The effect of the fly ash content in the FBGC on
the failure mode may be attributed to the variance in the total volume of the aggregate that
was replaced by the fly ash in the mixes of the FBGC. The increase of the fly ash content
from 300 to 500 kg/m3 reduces the total volume of aggregate by about 24%. The aggregate,
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especially the coarse aggregate, works on delaying the crack propagation that initially
occurred at the interfacial transition zone (ITZ) between the aggregate and the geopolymer
paste (ACI-408R 2003).
In addition, increasing the fly ash content in the FBGC resulted in a significant increase in the
compressive strength of the resulted FBGC. The increase of the compressive strength of the
concrete is associated with the increase of the brittleness of the concrete (ACI-408R 2003). As
a result, increasing the fly ash content in the FBGC results in increasing the brittleness of the
FBGC, which in turn affect the mode of failure of the FBGC during the pull-out test.

5.5.2 Effect of fly ash type on the bond strength of the FBGC
The bond strength between the FBGC and steel reinforcement reached up to 30 MPa. The
bond strength between the FBGC and steel reinforcement was significantly influenced by the
source of fly ash, as shown in Figure 5.5. The use of different fly ash sources in the FBGC
resulted in considerable differences in the bond strength between the FBGC and steel
reinforcement. The FBGC that used GL fly ash exhibited the highest bond strength between
the FBGC and steel reinforcement where the average bond strength was 25 MPa. On the other
hand, The FBGC that used BW fly ash showed the lowest bond strength between the FBGC
and steel reinforcement where the average bond strength was 10 MPa. The high average bond
strength of the FBGC that were mixed with GL fly ash may be attributed to the lowest median
particle size, the high content of amorphous component (SiO2 and Al2O3) and the highest CaO
content. The different characteristics of different fly ashes lead to different extent of
geopolymerization between the fly ash and the alkaline activator, which in turn influences
properties of the produced FBGC.
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Figure 5.5 Variation of the bond strength with fly ash content of the FBGC mixes at
different Na2SiO3/NaOH ratios
The different extent of the geopolymerization affects the microstructure of the resulted FBGC
that consequently affected the bond with a steel bar. This is true when comparing the
microstructure of the FBGC that used different fly ashes. Figure 5.6 a-e show the SEM
images of the microstructure of Mixes ER500R2.5, MP500R2.5, BW500R2.5, GL500R1.5
and CL500R1.5 that achieved the highest bond strength of the FBGC mixed with ER, MP,
BW, GL and CL fly ashes, respectively. The results show that using different fly ashes
exhibited different microstructure of the resulted FBGC. The microstructures of Mixes
ER500R2.5, MP500R2.5 and BW500R2.5 (Figures 5.6 a-c) were less homogeneous and
contained a higher amount of unreacted particles, voids and cracks between the aggregate
particles than those observed in Mixes GL500R1.5, CL500R1.5 (Figure 5.6 d and e). The
weakest microstructure was observed in FBGC that used BW fly ash (Figure 5.6c) where the
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highest amount of unreacted fly ash particles and a larger amount of irregular voids and
cracks were found, corresponding to the lower average bond strength.

b

a
Aggregate
particle

c

d

Void
s
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e

Figure 5.6 SEM images of FBGC for Mixes; (a) ER500R2.5, (b) MP500R2.5, (c)
BW500R2.5, (d) GL500R1.5, (e) CL500R1.5

The presence of unreacted particles and voids in the microstructure of the FBGC reduce the
efficiency of the bond with steel bar due to the reduction in the contact area between the
FBGC and steel bar (Zhu et al. 2004). These results suggested that the bond strength is
essentially dependent on the fly ash characteristics.

5.5.3 Effect of fly ash content on the bond strength of the FBGC
An increase in the amount of fly ash from 300 to 500 kg/m3 in the mixes of the FBGC
strengthened the bond between FBGC and steel reinforcement, as shown in Figure 5.5. The
increase achieved in the bond strength of the FBGC for the mixes that used ER, MP, BW, GL
and CL fly ashes were 36%, 16%, 29%, 26% and 29%, respectively.
This improvement in the bond between the FBGC and the steel reinforcement could be
attributed to the improvement the microstructure of the FBGC due to increasing the fly ash
content in the FBGC. Using a lower content of fly ash (300 kg/m3) in the FBGC resulted in
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forming a non-homogeneous and a loosely structured matrix. Unreacted particles and large
irregular voids are likely to be found, as shown in Figure 4.17 a and c. As discussed above,
the presence of unreacted fly ash particles, voids, and crakes in the microstructure of the
FBGC reduces the bond between the FBGC and steel bar.
The poor microstructure of the FBGC that used the lower content of fly ash (300 kg/m3) may
be attributed to the low workability of the resulted FBGC; however, a moderate slump (80 to
100 mm) was achieved. Fly ash facilitates flow between the aggregate particles owing to the
Voids

spherical shape and smooth surface of the fly ash particles (Rickard et al. 2011). Thus,
lowering fly ash content (300 kg/m3) reduces the workability of the FBGC which in turn
affects the consolidation and integrity of the geopolymer matrix. Also, using an alkaline
activator reduces the workability of the FBGC (Chindaprasirt et al. 2007; Wu and Sun 2010;
Ambily et al. 2014). This reduction in the workability of the FBGC is due to the high
viscosity nature of the alkaline activator components (NaOH and Na2SiO3) that makes
geopolymer concrete more cohesive and sticky which in turn affects the efficiency of
compaction of the fresh FBGC (Olivia and Nikraz 2012; Nath and Sarker 2015)
On the other hand, using high fly ash content (500 kg/m3) in the FBGC resulted in a dense
and compacted microstructure, as shown in Figure 4.17 b and d. The use of high fly ash
content (500 kg/m3) leads to increasing the workability of the FBGC and filling voids
between aggregate particles that affect the pore structure of the geopolymer matrix (Xie and
Ozbakkaloglu 2015). As a result, increasing the fly ash content in the FBGC improves the
microstructure of the FBGC which in turn improves the bond between the FBGC and steel
reinforcement.
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5.5.4 Effect of Na2SiO3/NaOH ratio on the bond strength of the FBGC
The increase of the Na2SiO3/NaOH ratio in the alkaline activator from 1.5 to 2.5 in the FBGC
that used GL and CL fly ashes caused a considerable reduction in the bond strength between
the FBGC and steel reinforcement, as shown in Figure 5.5. The increase in the bond strength
between the FBGC and steel reinforcement reached 36%, 29%, and 16% for FBGC that used
ER, MP and BW fly ashes, respectively, which is in line with the findings of Sarker (2010).
However, Figure 5.5 shows that an increase in the Na2SiO3/NaOH ratio from 1.5 to 2.5
caused a considerable reduction in the bond between FBGC and steel reinforcement by 19%
and 13% for the mixes that used GL and GL fly ashes, respectively. As a result, increasing the
Na2SiO3/NaOH ratio in the FBGC does not show a clear effect on the bond strength of the
FBGC due to using different fly ashes that required different optimum Na2SiO3/NaOH ratio to
achieve the highest bond strength of the FBGC.
The alkaline activator components (Na2SiO3 and NaOH) mainly composed of the molecules
including SiO2 and Na2O in different ratios. In order to understand the effect of the
Na2SiO3/NaOH ratio on the bond strength of the FBGC, relationships between bond strength
of the FBGC and the liquid SiO2 and Na2O in the alkaline activator were conducted. The
relationship between the total content of the liquid SiO2 in the Na2SiO3, which represents
29.5% by weight, and the bond strength of the FBGC were conducted as shown in Figure 5.7.
The results show that the bond strength of the FBGC increased significantly with increasing
the amount of the liquid SiO2 in the FGBC. The increase of the liquid SiO2 content results in
increasing the reactive silica in geopolymer matrix forming a silicon-rich gel which has a
compacted and higher mechanical properties (Ruiz-Santaquiteria et al. 2012). As a result, the
higher bond strength of the geopolymer is associated with the higher liquid SiO2 in the FBGC.
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Figure 5.7 Relationship between the liquid SiO3 and the bond strength of the FBGC

In addition, the effect of the total Na2O content in alkaline activator components (14% by
weight of Na2SiO3 and 28%-35% by weight of NaOH) on the bond strength between the
FBGC and steel reinforcement was evaluated. Figure 5.8 shows the relationship between the
total Na2O of the alkaline activator on the bond strength of the FBGC. The results show that
increasing the Na2O in the alkaline activator reduced the bond strength of the FBGC,
irrespective of the type and content of the fly ash. In fact, the Na2O content controls the extent
of leaching the fly ash components (SiO2 and Al2O3) in the geopolymer mix while the fly ash
is being geopolymerised (Bakri et al. 2013; Leong et al. 2016). The equilibrium between the
liberated components affects the rigidity and the cohesion of geopolymer structure that
consequently affect the developing of the bond strength of the FBGC.
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Figure 5.8 Relationship between the total Na2O and the bond strength of the FBGC

5.5.5 Effect of the water content in the FBGC on the bond strength with steel
reinforcement
The increase of water content in the normal concrete reduces the bond strength with steel
reinforcement. Increasing the water content in concrete increases bleed of water that occurs
due to the concrete settlement resulting in forming open pores between concrete and steel
(Zhang et al. 2015). In the FBGC, the alkaline activator is the main source of water (55.9% by
weight of Na2SiO3 and 60% by weight of NaOH) in the mix. Also, water is added to the
geopolymer mix to control the slump of the geopolymer concrete mix. In this study, the effect
of water source (from alkaline activator and the added water) on the bond strength of the
FBGC was evaluated.
147

The effect of the water content from the alkaline activator and added water on the bond
strength of the FBGC is illustrated in Figure 5.9 and 5.10 respectively. For all FBGC
specimens, increasing the water content from the alkaline activator in the FBGC was related
to the increase of the bond strength of the FBGC as shown in Figure 5.9. In contrast,
increasing the added water in the FBGC resulted in a significant decrease in the bond
strength; however, it represented 2% to 15% of the total water as shown in Figure 5.10.

Figure 5.9 Relationship between the total water and the bond strength of the FBGC
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Figure 5.10 Relationship between the added water and the bond strength of the FBGC

These differences between the effects of different water sources on the bond strength between
FBGC and steel reinforcement may be attributed to the degree and the type of combination
between water and the FBGC. For the water content from the alkaline activator, water is
chemically combined with Na2O and SiO2 molecules that make the water mobilization more
difficult. While the added water is physically combined with geopolymer matrix that makes it
easily in evaporating from the concrete, when cure at a high temperature, leaving pores and
cavities within geopolymer matrix (Kovalchuk et al. 2007). In addition, the added water may
affect the alkalinity (pH value) of the geopolymer matrix that could be led to reducing the rate
of the geopolymerization between fly ash and alkaline activator.
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5.5.6 Relationship between bond strength and compressive strength of the FBGC
The bond strength between the FBGC and the steel reinforcement and the corresponding
compressive strength are plotted in Figure 5.11. The results show that the bond strength
between the FBGC and the steel reinforcement increases significantly with increasing the
corresponding compressive strength. Different models were proposed to estimate the bond
strength between the PCC and the steel reinforcement in terms of the compressive strength. A
comparison was carried out with the models proposed for the bond strength of the PCC by
Orangun et al. (1977), Hadi (2008) and CEB-FIP (2010) in Eqs 5.2, 5.3 and 5.4, respectively.
These models were plotted along with the experimental results of the bond strength between
the FBGC and steel reinforcement in this study as shown in Figure 5.11. It can be seen that
the experimental results of the bond strength between the FBGC and the steel reinforcement
in this study were generally higher than those calculated by Eqs 5.2, 5.3 and 5.4. However,
models of Orangun et al. (1977) and CEB-FIP (2010) in Eqs 5.2 and 5.3, respectively gave
comparable values of the bond strength at a range of compressive strength lower than 25
MPa. While the bond strength values that were estimated by the model of Hadi (2008) in Eq
5.4 were 37% to 66% lower than the experimental results in this study. These results imply
that the bond strength of the FBGC is significantly higher than the bond strength of the
normal concrete in the range of compressive strength higher than 25 MPa.

𝜏 = 2.18𝑓𝑐′

0.5

(5.2)

𝜏 = 1.33𝑓𝑐′

0.5

(5.3)

𝜏 = 2.51𝑓𝑐′

0.5

(5.4)
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where τ is the bond strength (MPa), 𝑓𝑐′ is the compressive strength of the FBGC (MPa).
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Figure 5.11 Bond strength of the FBGC versus the compressive strength

As a result, a model was derived based on the results of the bond strength of 45 FBGC mixes.
For this aim, power regression law was used in fitting the relevant best fit line. The model
parameters (intercept and power values) were determined using logarithm method (Blaesser et
al. 2015). As a result, a model with a correlation factor (R2) of 0.84 was developed as shown
in Eq 5.5.
𝜏 = 1.35 𝑓𝑐′

0.75

151

(5.5)

The model in Eq 5.5 was evaluated using the available experimental data from studies were
conducted on the bond strength of the FBGC by Sofi et al. (2007) Topark-Ngarm et al. (2015)
and Dahou et al. (2016). The data were plotted along with the results of the bond strength
between the FBGC and the steel reinforcement of this study as shown in Figure 5.11. It can be
seen that the experimental data of Sofi et al. (2007) and Topark-Ngarm et al. (2015) were
significantly lower than that estimated by the developed model in Eq 5.5. This is because of
the low curing temperature (< 60oC) that was used by Sofi et al. (2007) and Topark-Ngarm et
al. (2015) in their experimental which in turns affecting the developing of the bond strength
between the FBGC and steel reinforcement bar. In contrast, the experimental data of Dahou et
al. (2016) shows a good consistency with the model in Eq 5.5 where the data were between
the ±95 prediction intervals as shown in Figure 5.11.

5.6 Summary
This study investigated the effects that the fly ash characteristics, amount of fly ash and
different Na2SiO3/NaOH had on the bond between FBGC and steel reinforcement. The
following conclusions can be drawn as based on the analysis of the results:
1. The bond strength between FBGC and steel reinforcement was from 7.5 to 30 MPa, and
the source of fly ash affects the strength of the bond between the FBGC and the steel
reinforcement quite considerably. The fly ash characteristics including particle size
distribution, the content of the amorphous components (SiO2 and Al2O3) and the CaO
have a significant effect on the bond strength of the FBGC. The FBGC that was mixed
with GL fly ash exhibited the highest average bond strength between the FBGC and steel
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reinforcement (25 MPa), while the FBGC that was mixed with BW fly ash showed the
lowest average bond strength between the FBGC and steel reinforcement 10 MPa.
2. An increase in the amount of ash content from 300 to 500 kg/m3 increased the brittleness
of the FBGC that affects the mode of failure of the FBGC due to pull-out of the steel bar.
3. An increase in the amount of ash content from 300 to 500 kg/m3 increased the bond
between FBGC and steel reinforcement in the range between 16% to 36%.
4. The strength of the bond between FBGC and steel reinforcement differed according to the
increase in the Na2SiO3/NaOH ratio in the alkaline activator. An increase in the
Na2SiO3/NaOH ratio in the FBGC that were mixed with GL and CL fly ashes reduced the
strength of the bond between FBGC and steel reinforcement by 13% to 19%, respectively.
Increasing the Na2SiO3/NaOH ratio in the alkaline activators of the FBGC that were
mixed with ER, MP, and BW fly ashes increased the strength of the bond between the
FBGC and steel reinforcement up to 36%.
5. The bond strength of the FBGC increased with increasing the liquid SiO2 used in the
alkaline activator. While it decreases significantly with increasing the total content of the
Na2O in the NaOH and the Na2SiO3.
6. The increase of the amount of added water in the FBGC reduced the bond strength
between the FBGC and steel reinforcement.
7. The bond strength between the FBGC and steel reinforcement is higher than the bond
strength of the normal concrete in the range of compressive strength higher than 25 MPa.

The next chapter presents the theoretical study of the relationship between fly ash
characteristics and the dosage of the alkaline activator, curing temperature and the fly ash
content.
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CHAPTER 6 ANALYTICAL STUDY
6.1 Overview
This chapter presents the analytical study of the relationship between fly ash characteristics
and the dosage of alkaline activator. Also, a parametric study was performed to determine the
effects of the fly ash characteristics on the compressive strength of the FBGM. The effect of
the curing temperature on the compressive strength of the FBGM was also analysed
theoretically based on the data that were obtained from this study. Also, this chapter presents
the theoretical analysis of the relationship between fly ash content and compressive strength
of the FBGC.

6.2 Analytical study of the relationship between fly ash characteristics and alkaline
activator of the FBGM
The relationship between fly ash characteristics and properties of the alkaline activator in
geopolymer is a complex system. Thus, a robust method is required to analyse the relationship
between the primary variables including the fly ash characteristics and the alkaline activator.
The Artificial Neural Network (ANN) is a powerful method that is used in modelling complex
systems. The ANN has been used for modelling the properties of the normal concrete (Yeh
1999; Öztaş et al. 2006; Yeh 2008; Khan 2012; Duan et al. 2013; Açikgenç et al. 2014;
Chandwani et al. 2015; Ghafari et al. 2015)
In this study, the optimum dosage of the alkaline activator was significantly influenced by fly
ash characteristics. The results of the compressive strength of 180 FBGM mixes that were
obtained from this study were used in developing an ANN.
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6.2.1 The architecture of the ANN
The ANN was used for modelling the relationship between factors that affect the compressive
strength of the FBGM. In this study, the fly ash characteristics including amorphous SiO2
content, amorphous Al2O3, CaO, amorphous Fe2O3, Na2O, K2O and the median particle size
were used in the ANN. The alkaline activator that was used in this study was mainly
composed of the molecules SiO2 and Na2O in different ratios. Thus the effect of the alkaline
activator on the compressive strength of the FBGM in terms of total Na2O (from NaOH and
from Na2SiO3) and the liquid SiO2 (from Na2SiO3) were used in the ANN.
A feedforward multi-layer network system was used in modelling the experimental data that
were obtained from this study. This method was used for developing a mix design method for
normal concrete (Ji et al. 2006; Yeh 2008; Khan 2012). The ANN consists of layers including
one input layer, one or more hidden layers and an output layer. These layers are fully
interconnected by nodes that process and transmit the data. The data in the feedforward ANN
flow in one direction from the input layer to the output layer through the hidden layers. In this
study, the ANN modelling was developed using JMP Pro 11.0.0 software (JMP-Pro 2012).
The architecture of the ANN depends on the number of parameters (nodes) in the layers. The
input parameters of the ANN model were selected to include the factors affecting the
compressive strength of the FBGM. In this study, nine parameters were used in the input
nodes included amorphous SiO2 (%), amorphous Al2O3 (%), CaO (%), amorphous Fe2O3 (%),
Na2O (%), K2O (%), the median particle size (µm), liquid SiO2 (%) and total Na2O (%).
The number of nodes in the hidden layer was determined by trial and error as there is no
current method to determine the optimum number of nodes in the hidden layer. The highest
correlation factor (R2), lowest negative log likelihood and the Root Mean Square Error
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(RMSE) were used as criteria to determine the optimum number of the nodes in the hidden
layer. After a number of trials, six nodes were used as an optimum number of nodes in the
hidden layer. The transfer function used in developed ANN was a Gaussian function. The
output layer consisted of the compressive strength of the FBGM. The architecture of the ANN
used in this study is illustrated in Figure 6.1.

Figure 6.1 Architecture of the ANN

6.2.2 Validation of the ANN
The validation of the developed ANN involved using a part of the data to verify the accuracy
of the model. The software selected the data utilized for the validation randomly. The
validation process involves using the input parameters of the selected data as external inputs
in the trained ANN without changing in the training parameters. The variance between the
experimental and the calculated output was then evaluated. In this study, K-fold method was
adopted in validating the model. In this process, the dataset is divided into five folds. Through
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the training of the ANN, one of these folds was excluded from the training process for
validation. This method was adopted because it is suitable for the small dataset (<1000
observations) as recommended by the software guide (Jmp and Proust 2012).

6.2.3 Sensitivity Analysis of the developed ANN
A sensitivity analysis was performed on the results of the developed ANN. The sensitivity
analysis determines the effect of the input variables on the response (output) of the ANN. The
analysis adopts the Monti Carlo simulation algorithms to identify the relationships between
the inputs and the output depending on the probability distributions of the inputs. The results
of the simulation are then classified into ranks according to the importance index of the total
effect (IITE) that measures the contribution of independent variables on the estimated outputs
(Saltelli 2002). This index can be determined from the formula as shown in Eq 6.1 (Homma
and Saiteli 1996).

𝑆𝐽𝑇 =

Var (E(y|𝑥𝑗 ) + Var (E(y |𝑥1 , 𝑥𝑗 ))
Var (y)

(6.1)

where: y is the experimental output, 𝑥 is input variable, E(y) is the estimated output from a
function, Var (y) is the variance of (y-E(y))2, Var (E(y|𝑥𝑗 ) is the conditional variance of
estimated y due to a specific variable 𝑥𝑗 and Var (E(y |𝑥1 , 𝑥𝑗 )) is the conditional variance of
the expectation y due to input variables. The 𝑆𝐽𝑇 is the total effects of the 𝑥𝑗 on y.

6.2.4 Performance of the developed ANN
The performance of the developed ANN is illustrated in Figure 6.2 (a) and Table 6.1. Figure
6.2 (a) shows the linear fitting between predicted and experimental compressive strength
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obtained from training the developed ANN using 144 mixtures. Table 6.1 illustrates the
statistical analysis of the linear regression fit between the predicted and the experimental
compressive strength. The results show a good correlation between the predicted and the
experimental compressive strength where the R2 was 0.94. This means that the output of the
trained ANN tends to be very close to the average values. The lowest values of the RMSE and
negative log likelihood were 3.63 and 390, respectively.

Table 6.1 Statistical evaluation of the ANN model
Measure

Training set

Validation set

Correlation Factor (R2)

0.94

0.93

Root mean square error (RMSE)

3.63

3.93

Negative log-likelihood

390

100

Number of processed data

144

36

(a)

(b)

Figure 6.2 Prediction 36
performance of the ANN model for (a) training mixt
set, (b) validation set
mi
xtu
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6.2.5 Validation of the developed ANN
The validation of the developed ANN involved using the results of the 36 mixes obtained
from this study that was not included in the training set of the ANN. The results of the
validation were plotted in a linear regression fit between the predicted and the experimental
compressive strength, as shown in Figure 6.2b. The results of the fitting show a high
correlation between the predicted and the experimental compressive strength where the R2
was 0.93.
In addition, the ANN was validated using external data from studies that were conducted by
Ryu et al. (2013), Adak et al. (2014), Gunasekara et al. (2014), Kazemian et al. (2015) and
Zeng and Wang (2016). The characteristics of fly ashes that were used in these studies in
terms of amorphous SiO2 (%), amorphous Al2O3 (%), CaO (%), amorphous Fe2O3 (%), Na2O
(%), K2O (%), and the median particle size (µm) were in the range of that were used in this
study. The content of the NaOH and the Na2SiO3 in the alkaline activator ranged from 10% to
30% and from 23% to 50%, respectively. The concentration of the NaOH that was used by the
aforementioned studies ranged from 12 to 16 mole/L. The compressive strength of the FBGM
that was recorded in these studies was between 14 MPa and 80 MPa. The developed ANN
was used in estimating the compressive strength of the FBGM using the data obtained from
the aforementioned studies. Both the experimental and the predicted compressive strength of
the FBGM were plotted along with data of this study as shown in Figure 6.3. In total, 17
FBGM mixes were used in the validation of the developed ANN.
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Figure 6.3 Validation the developed ANN in predicting the compressive strength of the FBGM

In general, the results show that the developed ANN gave conservative values to predict the
compressive strength of the FBGM based on the selected parameters. However, the developed
ANN underestimated the compressive strength of FBGM mixes that were obtained from Zeng
and Wang (2016). This was because of the high curing temperature (75o C) and the long
period of the heat curing (60 hours) that was applied on the specimens resulted in an increase
in the compressive strength of FBGM.
As a result, the ANN shows a high performance in modelling the relationship between
ingredients of the FBGM and the compressive strength. Therefore, this model can be used in
simulating data to investigate the effect of different fly ash characteristics and alkaline
activator on the compressive strength of the FBGM.
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6.2.6 Total effect of input parameters on the compressive strength of the FBGM
The rank of the importance for the inputs of the ANN was carried out using the sensitivity
analysis as shown in Figure 6.4. The results of the sensitivity analysis revealed that the
median particle size and the amorphous SiO2 content of the fly ash exhibited the highest
importance index of the total effect (IITE) on the compressive strength of the FBGM, where
the importance IITE were 0.429 and 0.382, respectively. While the liquid SiO3 content and
total Na2O content exhibited IITE of 0.209 and 0.196, respectively. Other parameters
including CaO, amorphous Fe2O3, amorphous Al2O3, K2O, CaO and Na2O showed IITE of
0.047, 0.04, 0.02, 0.012, 0.003, respectively as shown in Figure 6.4. The results of the
sensitivity analysis indicated the variation in the median particle size and the amorphous SiO 2
content have a significant influence on the variation of the compressive strength of the FBGM
more than other parameters that are related to the fly ash characteristics.
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Figure 6.4 Total effect sensitivity analysis for the influential parameters
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0.003

6.2.7 Optimizing the dosage of the alkaline activator of the FBGM
The effect of the fly ash parameters (amorphous SiO2, amorphous Al2O3 and median particle
size) on the selection of the proportion of the alkaline activator was simulated, as shown in
Figures 6.5, 6.6 and 6.7. The simulation was performed using the developed ANN model for
predicting the compressive strength of the FBGM at three levels of amorphous SiO2,
amorphous Al2O3 and median particle size and different dosage of alkaline activator. The
simulation was performed within the range of the experimental work regarding the fly ash
characteristics and proportions of the alkaline activator.
The result of the simulation shows that the variation in the amorphous SiO2 content,
amorphous Al2O3 and median particle size affect significantly the response of the predicted
compressive strength of the FBGM to the variation of the dosage of the alkaline activator in
terms of the total Na2O and liquid SiO2 contents.
Figure 6.5 demonstrates the relationship between the total Na2O of the alkaline activator and
the predicted compressive strength at three levels of amorphous SiO2 content, median particle
size and amorphous Al2O3 content. The results of the simulation show that the content of the
Na2O is significantly dependent on the amorphous SiO2 content, the median particle size and
amorphous Al2O3 content of the fly ash. The results show that the highest predicted
compressive strength of the FBGM is 55 MPa which is recorded at the median particle size,
the amorphous SiO2 content, amorphous Al2O3 content and total Na2O of 3.6 µm, 41.9%
26.8% and 7.5%, respectively
The Na2O in the alkaline activator tends to reduce the predicted compressive strength of the
FBGM. However, in such cases, increasing the total Na2O in alkaline activator shows a minor
effect on the response of the predicted compressive strength of the FBGM as shown in Figure
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6.5 This is because of the interaction in effects of the median particle size, the amorphous
SiO2 content and amorphous Al2O3 content on the response of the predicted compressive
strength to the increase of the total Na2O in the alkaline activator.

Figure 6.5 Effect of the total Na2O content on the predicted compressive strength at different
amorphous SiO2 content, various median particle size and varying levels of amorphous Al2O3

Figure 6.6 shows the relationship between the liquid SiO3 content used in the alkaline
activator and the predicted compressive strength for fly ashes with different amorphous SiO2
content, median particle size and amorphous Al2O3. The simulated data show that the
amorphous SiO2 content and amorphous Al2O3 content of the fly ash governed the selection
of the liquid SiO2 content significantly. The median particle size also shows a remarkable
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effect on the liquid SiO2 content in the alkaline activator. In general, the simulation shows that
the increase of the liquid SiO2 in the alkaline activator increases the compressive strength of
the predicted compressive strength of the FBGM. However, at the amorphous Al2O3 content
of 26.8 and median particle size of 3.6 µm, the increase of the liquid SiO2 shows a minor
effect on the response of the predicted compressive strength of the FBGM.

Figure 6.6 Effect of the liquid SiO2 content on the predicted compressive strength at different
amorphous SiO2 content, various median particle size and varying levels of amorphous Al2O3

Finally, the combined effects of the total Na2O content and the liquid SiO2 content on the
compressive strength of the geopolymer mortar with respect to amorphous SiO2 content and
median particle size are shown in Figure 6.7. The simulation reveals that increasing the total
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Na2O content leads to a significant change in the optimum liquid SiO2 content. The changing
in the optimum liquid SiO2 content was controlled significantly by the fly ash characteristics.

Figure 6.7 The effect of the liquid SiO2 and the total Na2O content on the predicted
compressive of the FBGM at different SiO2 content and median particle size of the fly ash

As a result, the developed ANN model can be used for predicting the compressive strength of
the geopolymer mortar for different fly ash characteristics.

6.2.8 Parametric study
The effects of the fly ash characteristics on the compressive strength of the FBGM have been
investigated. The effects of median particle size, amorphous SiO2, amorphous Al2O3,
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amorphous Fe2O3, K2O and CaO on the predicted compressive strength of the FBGM was
simulated using the developed ANN. According to the sensitivity analysis, the median particle
size and amorphous SiO2 have the highest importance indexes of the total effect. Therefore,
the effects of the fly ash characteristics (amorphous Al2O3, amorphous Fe2O3, K2O and CaO)
on the compressive strength of the FBGM with respect to median particle size and amorphous
SiO2 were graphically presented as shown Figures 6.8 to 6.11. The dosage of the alkaline
activator in terms of total Na2O and liquid SiO2 was fixed at the values of 11.5% and 11.0%,
respectively. The examined parameters are in the range of the fly ash characteristics that were
used in the experimental work of this study.

6.2.8.1 Effects of the amorphous Al2O3 on the compressive strength of the FBGM
Figure 6.8 shows the contour plot of the relationship between the amorphous SiO2 and the
amorphous Al2O3 at the median particle size of 3.6 µm, 13.8 µm and 24 µm. The results show
that increasing the amorphous SiO2 in the fly ash results in a significant decrease of the
compressive strength of the FBGM irrespectively the median particles size and the content of
the amorphous Al2O3. On the other hand, the effect of increasing the amorphous Al2O3
content on the compressive strength of the FBGM was found to be significantly correlated to
the median particles size of the fly ash. This is true where the compressive strength of the
FBGM increased significantly with increasing the amorphous Al2O3 content at the median
particle size of 3.6 µm. However, at the median particle size of 13.8 µm and 24 µm,
increasing the amorphous Al2O3 exhibits a fluctuated effect on the compressive strength of the
FBGM as shown in Figure 6.8 b and c.

166

(a)

(b)

(c)

Figure 6.8 Relationship between the amorphous SiO2 and the amorphous Al2O3 at median
particle size of (a) 3.6 µm, (b) 13.8 µm and (c) 24 µm

6.2.8.2 Effect of the amorphous Fe2O3 on the compressive strength of the FBGM
Figure 6.9 shows the contour plot of the relationship between the amorphous SiO2 and the
amorphous Fe2O3 at a median particle size of 3.6 µm, 13.8 µm and 24 µm. The results
revealed that the effect of increasing the amorphous Fe2O3 content on the compressive
strength of the FBGM is significantly influenced by the median particle size of the fly ash.
Increasing the amorphous Fe2O3 content increases the compressive strength of the FBGM at a
median particle size of 3.6 µm. On the other hand, increasing the amorphous Fe2O3 content
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declines the compressive strength of the FBGM at the median particle size of 24 µm and at
the amorphous SiO2 content higher than 55%.

(a)

(b)

(c)

Figure 6.9 Relationship between the amorphous SiO2 and the amorphous Fe2O3 at median
particle size of (a) 3.6 µm, (b) 13.8 µm and (c) 24 µm

6.2.8.3 Effect of the amorphous K2O on the compressive strength of the FBGM
The relationship between the amorphous SiO2 and the K2O at different median particle size
are shown in Figure 6.10. The results revealed that increasing the K2O content shows a minor
effect on the compressive strength of the FBGM particularly at median particles size of 3.6
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µm and 13.8 µm. However, increasing the K2O content declines the compressive strength of
the FBGM at the median particle size of 24 µm, particularly at the amorphous SiO2 content
higher than 55%.

(a)

(b)

(c)

Figure 6.10 Relationship between the amorphous SiO2 and the amorphous K2O at median
particle size of (a) 3.6 µm, (b) 13.8 µm and (c) 24 µm

6.2.8.4 Effect of the amorphous CaO on the compressive strength of the FBGM
The relationship between the amorphous SiO2 and the content of the CaO at a median particle
size of 3.6 µm, 13.8 µm and 24 µm are presented in Figure 6.11. The results show that the
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effect of the CaO content on the compressive strength of the FBGM is significantly
influenced by the median particle size and the amorphous SiO2 content.

(b)

(a)

(c)

Figure 6.11 Relationship between the amorphous SiO2 and the amorphous CaO at median
particle size of (a) 3.6 µm, (b) 13.8 µm and (c) 24 µm

At median particles size of 3.6, the compressive strength of the FBGM decreased significantly
with increasing the CaO content in fly ash especially at amorphous SiO2 content lower than
60%. However, increasing the CaO content in fly ash shows a minor effect on the
compressive strength of the FBGM at median particles size 13.8 µm and 24 µm irrespective
the amorphous SiO2 content in the fly ash.
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As a result, the parametric study revealed that the median particle and the amorphous SiO2
content of the fly ash govern the effect of the amorphous Al2O3, the amorphous Fe2O3, the
K2O and the CaO on the compressive strength of the FBGM. Therefore, the median particle
and the amorphous SiO2 content of the fly ash can be used as a reactivity index of the fly ash
in the geopolymers.

6.3 Analytical study of the relationship between curing temperature and the compressive
strength of the FBGM
The optimum curing temperature that is used for curing the FBGM was significantly
influenced by fly ash characteristics and the dosage of the alkaline activator. In this study, the
results of the compressive strength of the FBGM that were cured at temperatures 50 o C, 70o C
and 90o C for 24 hours were used in developing an ANN to predict the compressive strength
of the FBGM. For this aim, an ANN was developed to model the relationship between the
curing temperature and the compressive strength based on the fly ash characteristics and the
dosage of the alkaline activator. The fly ash parameters including amorphous SiO2 content
and the median particle size were selected based on the highest first and second IITE obtained
from the sensitivity analysis as shown in Figure 6.4. The effects of alkaline dosage in terms of
liquid SiO2 content and total Na2O content were used in the ANN.

6.3.1 The architecture of the ANN
The architecture of the ANN consists of three layers including an input layer, a hidden layer
and output layer as shown in Figure 6.12. The input layer included five nodes including
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amorphous SiO2 content (%), median particle size (µm) of the fly ash, curing temperature ( o
C), liquid SiO2 content (%) and Na2O content (%).
The number of nodes in the hidden layer was determined by trial and error, so far there is no
straightforward method to determine the optimum number of nodes in the hidden layer of the
ANN. After a number of trials, three nodes were used as an optimum number of nodes in the
hidden layer. The transfer function used in the ANN was TanH function. The output layer
consisted of one node which is the compressive strength of the FBGM.

Figure 6.12 Architecture of the ANN

6.3.2 Performance of the ANN
The performance of the developed ANN of the optimum curing temperature is illustrated in
Figure 6.13 a and Table 6.2. Figure 6.13 a shows the linear fitting between the experimental
and predicted compressive strength obtained from training the developed ANN using 108
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mixtures. Table 6.2 illustrates the statistical evaluation of the developed ANN. The results of
the ANN show a good correlation between the predicted and the experimental compressive
strength where the R2 was 0.97. The lowest values of the RMSE and negative log likelihood
were 2.75 and 249.8, respectively.

Table 6.2 Statistical evaluation of the ANN
Measure
Correlation Factor (R2)

Training set
0.97

Validation set
0.96

Root mean square error (RMSE)

2.75

2.50

Negative log-likelihood

249.8

64.1

108

27

Number of processed data

(a)
(b)
Figure 6.13 Prediction performance of the ANN of the optimum curing temperature for
a: training set, b: validation set
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6.3.3 Validation of the ANN of the optimum curing temperature
The validation of the developed ANN of the optimum curing temperature involved using part
of the data to verify the accuracy of the ANN. The K-fold method was adopted in validation
of the model by dividing the dataset into five folds. As a result, 27 mixes were used in
validation of the ANN as shown in Table 6.2 and Figure 6.13 b. The results of the fitting
show a high correlation between the predicted and the experimental compressive strength of
the FBGM where the R2 was 0.96.
In addition the ANN of the optimum curing temperature was validated using external data
from studies that were conducted by Diaz et al. (2010), Nuruddin et al. (2011), Vora and Dave
(2013), Ryu et al. (2013), Soutsos et al. (2016) and Helmy (2016). The amorphous SiO2
content and the median particle size of the fly ashes that were used in these studies ranged
from 48% to 58% and from 10 µm to 23 µm, respectively. The curing temperatures that were
used in these studies ranged from 50o C to 90o C for 24 hours and the corresponding
compressive strength was from 28 MPa to 64 MPa. The main parameters that were selected
from the aforementioned studies were used in estimating the compressive strength of the
geopolymers using the developed ANN. Both the experimental and predicted compressive
strength of the FBGM were plotted along with data of this study as shown in Figure 6.14. In
total, 21 mixes were used in the validation of the developed ANN.
In general, the results show that the developed model gave conservative values to predict the
compressive strength of the FBGM based on the selected parameters. However, the developed
ANN showed a significant underestimate the compressive strength of FBGM mixes that were
obtained from Soutsos et al. (2016), particularly at a curing temperature of 70o C. This was
because of the low viscosity of the sodium silicate (60 centipoises) that was used in mixing
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the FBGM which in turns increased the consolidation of the FBGM matrix to form a dense
structure of geopolymer matrix.
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Figure 6.14 Correlation between the experimental and predicted compressive strength of the
FBGM

6.3.4 Total effect of input parameters on the compressive strength of the FBGM
The rank of the variables importance for the inputs of the ANN of the optimum curing
temperature is presented in Table 6.3. The results of the analysis revealed that the amorphous
SiO2 content in the fly ash exhibited the highest importance index of the total effect on the
compressive strength of the FBGM, where the importance indexes of the total effect were
0.593. The results also revealed that the curing temperature has importance index of the total
effect on the compressive strength of the FBGM of 0.212 while it was 0.179 for the median
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particle size of the fly ash. The lowest importance index of the total effect on the compressive
strength of the FBGM was recorded for the liquid SiO2 and the total Na2O with the total effect
indexes of 0.110 for each of them. This means that response of the compressive strength of
the FBGM to the variation in the curing temperature is statistically sensitive to the variation in
the fly ash characteristics in terms of amorphous SiO2 content and the median particle size
more than the variation in a dosage of the alkaline activator in terms of the liquid SiO2 and the
total Na2O.

Table 6.3 Total effect sensitivity analysis for the influential parameters
Factor

Total Effect

Amorphous SiO₂ (%)

0.593

Curing temperature (°C)

0.212

Median Particle Size (micron)

0.179

Liquid SiO₂ (%)

0.110

Total Na₂ O (%)

0.110

6.3.5 Simulating the relationship between the curing temperature and compressive
strength of the FBGM
The relationship between the curing temperature and compressive strength of the FBGM was
graphically simulated using the developed ANN as shown in Figure 6.15. The simulation was
performed using parameters including amorphous SiO2 content median particle size and
curing temperature. The simulation was carried out at curing temperatures of 50o C, 70o C and
90o C, five different levels of amorphous SiO2 content and median particle size as shown in
Figure 6.15. The simulation used the extent of the examined parameters in the experimental
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work that was conducted in this study regarding the fly ash characteristics, the dosage of the
alkaline activator.

Figure 6.15 The relationship between the curing temperature and the compressive strength at
various amorphous SiO2 content and median particle size

The results show that the optimum curing temperature increases with increasing the
amorphous SiO2 content and the median particles of the fly ash. It also can be seen that the
effect of the amorphous SiO2 on the optimum curing temperature is influenced by the median
particle size of the fly ash. This is true at the amorphous SiO2 content of 57.5% where
increasing the median particle size of the fly ash increases the optimum curing temperature
that is required for the FBGM.
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6.4 Analytical study of the relationship between fly ash content and the compressive
strength of the FBGC
The relationship between the fly ash content and the compressive strength of the FBGC is
mainly influenced by fly ash characteristics as discussed in Chapter four. In this study, the
median particle size and the amorphous SiO2 of the fly ash were found to have a significant
effect on increasing the compressive strength of the FBGC due to increasing the fly ash
content from 300 to 500 kg/m3. A model was developed to predict the compressive strength of
the FBGC using fly ash content, amorphous SiO2 content and the median particle size of fly
ash.
Multiple linear regression models (MLR) was used in determining the relationship between
independent parameters (fly ash content, amorphous SiO2, median particle size and fly ash
content) and the compressive strength of the FBGC. The general form of multiple linear
regression models is given in Eq. (6.2).

𝑦 = 𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + 𝛽𝑖 𝑥𝑖 + 𝜀

(6.2)

where y is the response (i.e. compressive strength), β0…βi are the regression coefficients,
x1…xi are the predictors and ε is the error. These parameters are determined using the least
squares method. Accordingly, the MLR is derived to predict the compressive strength based
on the fly ash content, SiO2, median particle size and fly ash content as shown in Eq 6.3.

𝑓𝑐′ = 52.9 + 0.05 𝐹𝐴𝑐𝑜𝑛𝑡𝑒𝑛𝑡 − 0.8 𝑑50 − 0.51 𝑆𝑖𝑂2 𝑐𝑜𝑛𝑡𝑒𝑛𝑡
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(6.3)

where 𝑓𝑐′ is the compressive strength of the FBGC (MPa), 𝐹𝐴𝑐𝑜𝑛𝑡𝑒𝑛𝑡 is the fly ash content
(kg/m3), 𝑑50 is the median particle size of the fly ash (µm) and SiO2 content is the amorphous
silica content in the fly ash (%).

6.4.1 Performance of the developed MRL model
The performance of the developed MLR mode is illustrated in Figure 6.16 and Table 6.4.
Figure 6.16 shows the linear fitting between experimental and predicted compressive strength
obtained from the developed MLR model. Table 6.4 illustrates the statistical analysis of the
linear regression fit between the compressive strength from experimental and from the
predicted by the regression model. The developed regression model shows a good correlation
between the experimental and predicted compressive strength where the R2 was 0.87 with
RMSE of 4.7. This means that the output of the developed MLR tends to be close to the
average compressive strength of the FBGC.

Table 6.4 Statistical summary of the MRL fit
Measure
Correlation Factor (R2)

Training set
0.87

Root mean square error (RMSE)

4.70

Mean of response

28.80

Number of processed data
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Figure 6.16 Correlation between the experimental and predicted compressive strength of the
FBGC

In addition, the analysis of variance (ANOVA) for the MRL was performed to determine the
statistical significance of factors considered for the model in Eq 6.3. For this aim, the F-test
was used to evaluate the statistical significance of the variables with a confidence level of
95%. The summary of the ANOVA results and statistical effect test of the factors considered
for the MLR model are summarized in the Tables 6.5 and 6.6, respectively. Table 6.5 presents
the degree of freedom which is the number of values in the final calculation of a statistic that
are free to vary, the sum of squares which is the sum of squared difference between the
variable (xi) and the mean of the samples (Ẋ), the mean square which is the ratio between the
sum of squares and degree of freedom, and the F-ratio which is ratio of mean square of the
model to the mean square of the error. The ANOVA analysis for the model in Eq 6.3 showed
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that the model is statistically significant as the probability corresponding to the F-ratio is less
than 0.05.
In addition, Table 6.6 presents the statistical effect test of the fly ash content, SiO2 content and
the median particle size on the compressive strength of the FBGC. The statistical effect test
was performed using statistical F-test. The results show that all the factors considered for the
MLR model in Eq 6.3 are statistically significant where the probability corresponding to the F
ratio was less than 0.05.

Table 6.5 Analysis of variance for the developed MLR model
Degree of

Sum of

freedom

Squares

Model

3

Error
Total

Source

Mean Square

F Ratio

Probability > F

6173.93

2057.98

89.88

<.0001

41

938.74

22.90

-

-

44

7112.67

-

-

-

Table 6.6 Statistical effect test of the main factors
Degree of
freedom
1

Sum of
Squares
641.25

Amorphous SiO₂ (%)

1

Median particle size (µm)

1

Factor
Fly ash content (kg/m³)
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F Ratio Probability > F
28.00

<.0001

665.83

29.08

<.0001

668.67

29.20

<.0001

6.4.2 Validation of the MRL model
The validation of the developed model in Eq 6.3 involved using external data to verify the
accuracy of the developed model to predict the compressive strength of the FBGC. For this
aim, experimental data were used from studies that were carried out by Olivia and Nikraz
(2012) Vora and Dave (2013), Deb et al. (2014), Ferdous et al. (2015), Xie and Ozbakkaloglu
(2015), Gunasekara et al. (2016) and Nguyen et al. (2016). The amorphous SiO2 and the
median particle size of the fly ashes that were used in these studies ranged from 47% to 75%
and from 10 µm to 19 µm, respectively. The fly ash content that was used in these studies
ranged between 381 to 498 kg/m3 and the corresponding compressive strength of the FBGC
was between 17.6 and 60 MPa. The amorphous SiO2 and the median particle size and the fly
ash content of the aforementioned data were used in estimating the compressive strength of
the FBGC using the developed MLR model in Eq 6.3. Both the experimental and predicted
compressive strength of the FBGC were plotted along with data of this study as shown in
Figure 6.16. In total, 16 FBGC mixes were used in the validation of the developed model. The
results show that the model in Eq 6.3 gave conservative values of the compressive strength of
the FBGC. However, the model in Eq 6.3 overestimated the compressive strength of the
FBGC using the data obtained from Xie and Ozbakkaloglu (2015). This was because of the
low curing temperature (25o C) that was used in producing these mixes. Heat curing of the
FBGC increases the geopolymerization process between the fly ash and the alkaline activator
which in turn increases the compressive strength of the resulting FBGC (Criado et al. 2010).
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6.4.3 Simulation of the relationship between fly ash content and compressive strength of
the FBGC
The relationship between the fly ash content and the corresponding compressive strength was
simulated based on the developed model in Eq 6.3. The simulation was carried out at a curing
temperature of 70o C and five different levels of SiO2 content and median particle size of the
fly ash as shown in Figure 6.17.

Figure 6.17 The relationship between the fly ash content and the compressive strength of the
FBGC at various SiO2 content and median particle size

The results of the simulation show that predicted compressive strength of the FBGC increases
with increasing the fly ash content but with decreasing the amorphous SiO2 content and
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median particle size. This is true where the highest predicted compressive strength of the
FBGC is achieved at the fly ash content of 500 kg/m3, the amorphous SiO2 content of 41.9%
and median particle size of 3.6 µm.

6.5 Summary
This chapter presents the analytical study of the data obtained from the experimental work
that was conducted in this study. The results indicate that the following conclusions can be
drawn as follows:
1. The artificial neural network (ANN) shows a high performance in modelling the factors
that influence the compressive strength of the fly ash based geopolymer mortar.
2. The validation of the ANN of the optimum dosage of the alkaline activator shows that the
proposed model gave conservative values of the compressive strength of the fly ash based
geopolymer mortar.
3. The median particle size and the amorphous SiO2 content of the fly ash exhibited the
highest importance index of the total effect on the compressive strength of the fly ash
based geopolymer mortar.
4. The variation in the amorphous SiO2 content, amorphous Al2O3 and median particle size
of the fly ash affect the response of the compressive strength of the fly ash based
geopolymer mortar to the variation of the alkaline activator in terms of the total Na2O and
liquid SiO2.
5. The effects of the amorphous Al2O3 and Fe2O3 on the compressive strength of the fly ash
based geopolymer mortar were correlated to the median particles size of the fly ash.
6. The optimum curing temperature increases with increasing the amorphous SiO2 content
and the median particle size of the fly ash.
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7. The effect of the amorphous SiO2 content on the optimum curing temperature is
influenced by the median particle size of the fly ash.
8. The compressive strength of the fly ash based geopolymer concrete increases with
increasing the fly ash content but with decreasing the amorphous SiO2 content and median
particle size.
The next chapter presents the conclusions and recommendations.
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS
7.1 Introduction
The main objective of this study was to investigate the effect of different fly ash
characteristics on selecting the dosage of alkaline activator, the optimum curing temperature
and the fly ash content in the geopolymer. Fly ashes from five different sources (Eraring (ER),
Mt-Piper (MP), Bayswater (BW), Gladstone (GL) and Collie (CL)) with different
characteristics were utilised in the experimental work of this study. The alkaline activator that
was used in this study was a mix of NaOH and Na2SiO3 in different proportions. A total of
180 mixes of fly ash based geopolymer mortar were performed to investigate the effects of fly
ash characteristics on selecting the dosage of the alkaline activator. The specimens were cured
at 70o C for 24 hours and tested for compressive strength at the age of 7 days. The effects of
fly ash characteristics on the optimum curing temperature were examined on 45 mixes of fly
ash based geopolymer mortar at curing temperatures of 50o C, 70o C and 90o C. The effects of
fly ash characteristics on selecting the fly ash content were examined on 45 mixes of the fly
ash based geopolymer concrete. The bond performance between the fly ash based geopolymer
concrete and the steel reinforcement were examined on 45 ash based geopolymer concrete at
different fly ash characteristics, the dosage of alkaline activator and different fly ash content.
An analytical study was conducted based on the experimental results of this study. The
artificial neural network was used to analyse the relationship between fly ash characteristics
and the alkaline activator based on the compressive strength of the fly ash based geopolymer
mortar. The relationship between the fly ash characteristics and the curing temperature of the
fly ash based geopolymer mortar at different dosages of alkaline activator was used in
performing an artificial neural network. Moreover, a linear model was developed to identify
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the relationship between the fly ash characteristics and fly ash content based on the results of
the compressive strength of the fly ash based geopolymer concrete.

7.2 Conclusions
Based on the experimental and theoretical results, the following conclusions can be drawn:
The use of fly ashes from different sources exhibited different chemical reaction with alkaline
activator.
1. The amorphous SiO2 content and the median particle size of the fly ash govern the
reactivity of fly ash components with alkaline activator.
2. Curing temperature has a significant influence on the stimulating the compressive strength
of the fly ash based geopolymer mortar. However, fly ash characteristics influenced the
response of the compressive strength the fly ash based geopolymer mortar to the increase
of the curing temperature.
3. The effects of the amorphous Al2O3 and Fe2O3 on the compressive strength of the fly ash
based geopolymer mortar were correlated to the median particles size of the fly ash and
amorphous SiO2 content.
4. The variation in the amorphous SiO2 content, amorphous Al2O3 and median particle size
of the fly ash affect the response of the compressive strength of the fly ash based
geopolymer mortar to the variation of the alkaline activator in terms of the total Na2O and
liquid SiO2.
5. The optimum curing temperature increases with increasing the amorphous SiO2 content
and the median particles of the fly ash.
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6. The effect of the amorphous SiO2 on the optimum curing temperature is influenced by the
median particle size of the fly ash.
7. The fly ash type affects the response of fly ash based geopolymer concrete to the increase
of the fly ash content. Density, compressive strength and splitting tensile strength
increased considerably with increasing the fly ash content in the fly ash based geopolymer
concrete. The water absorption decreased significantly with increasing the fly ash content
in the fly ash based geopolymer concrete.
8. The increase of the fly ash content improved the pore structure of the fly ash based
geopolymer concrete significantly. The improvement in the pore structure of the FBGC is
significantly dependent on the particle size distribution of the fly ash.
9. The compressive strength of the fly ash based geopolymer concrete increases with
increasing the fly ash content but with decreasing the amorphous SiO2 content and median
particle size.
10. The increase of the Na2SiO3/NaOH in the alkaline activator increased the viscosity of the
fresh fly ash based geopolymer concrete significantly.
11. The high viscosity of the alkaline activator reduces the efficiency of the compaction to
eliminate the air bubbles from the fly ash based geopolymer concrete mix.
12. The increase of the liquid SiO2 in the FBGC improved the splitting tensile strength. While
increasing the Na2O in the alkaline activator reduces the splitting tensile strength of the fly
ash based geopolymer concrete.
13. An increase in the amount of ash content from 300 to 500 kg/m3 increased the brittleness
of the FBGC that affects the mode of failure of the FBGC due to pull-out of the steel bar.
14. An increase in the amount of ash content from 300 to 500 kg/m3 increased the bond
between FBGC and steel reinforcement in the range between 16% to 36%.
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15. The bond strength of the FBGC increased with increasing the liquid SiO2 used in the
alkaline activator. While it decreases significantly with increasing the total content of the
Na2O in the NaOH and the Na2SiO3.
16. The increase of the amount of added water in the FBGC reduced the bond strength
between the FBGC and steel reinforcement.
17. The artificial neural network (ANN) shows a high performance in modelling the factors
that influence the compressive strength of the fly ash based geopolymers.
18. The validation of the ANN of the optimum dosage of the alkaline activator shows that the
proposed model gave conservative values of the compressive strength of the fly ash based
geopolymer mortar.
19. The median particle size and the amorphous SiO2 content of the fly ash exhibited the
highest importance index of the total effect on the compressive strength of the fly ash
based geopolymer mortar.

7.3 Recommendations for futures studies
Future studies should be carried out to gain a better understanding of the relationship between
different fly ash characteristics the mix components of the fly ash based geopolymer concrete.
This is important before adopting fly ash based geopolymer concrete in structural
components. The recommendations can be drawn to highlight on the future research studies as
follows:
1. In this study, it was evident that fly ash characteristics have a vital effect on selecting the
dosage of the alkaline activator based on five different fly ash sources. Thus, examining
additional fly ashes from different sources with the different alkaline activator is
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important to build up the current database which in turn supports proposing a standard
method of mix design of the fly ash based geopolymer concrete.
2. In this study, complex techniques including XRD, XRF and SEM were used to analyse the
fly ash characteristics which is expensive and required a specialized staff. Thus it is
important to find a friendly use method to measure the reactivity of the fly ash with an
alkaline activator that can be used by engineers and technicians in construction sites and
concrete batch plants for designing the fly ash based geopolymer concrete.
3. It is important to propose a special cade for fly ash for geopolymer applications.
4. In this study, it was found that the fly ash based geopolymer concrete has a high viscosity
that affected the consolidation of the matrix and consequently affecting the properties of
the produced fly ash based geopolymer concrete. The current plasticizer additives were
originally designed for normal concrete. Therefore it is important to develop a new
generation of additives that can be used for geopolymers.
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